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There tis life after academia 


With high numbers of postdocs emerging from universities, prospective PhD students must 
be prepared for the fact that they will probably not end up witha career in research. 


hen isa scientist not a scientist? To many people in the wider 
Ween anyone with a PhD in nuclear physics or molecular 

genetics would probably still earn the moniker — whether 
they workas a researcher in an Ivy League laboratory or as a full-time 
television presenter. To those on the inside, the term is usually reserved 
for those with science as a professional vocation. Science is something 
that one ‘does, not merely something that one has studied. To the hard- 
liners, someone with postgraduate training who then leaves the lab to 
work elsewhere is judged to have lost their way, or been seduced by 
the dark side. It is no coincidence that employment opportunities for 
postgraduates outside research are often labelled ‘alternative’ careers. 

Nature, of course, would not come out each week were it not for the 
scientists who publish here. But the journal's existence also relies on 
former researchers on the staff who are following alternative careers, 
whether they work as manuscript editors or journalists, or fill other 
essential roles. There is scarcely a page of this issue that was not in 
some way touched by an ex-scientist — please do not call us ‘failed? — 
including many who did PhDs and postdocs, and even the odd former 
faculty member. This piece alone was brought to you with the help of 
three postgraduate qualifications. 

We would say this, wouldn't we, but it would be a huge mistake to 
assume that those who jump from the research career ladder were 
unable to hack it. 

For a glimpse of why three outstanding scientists left academia and 
how their training influenced them in their careers and lives, turn to 
page 20 for our News Feature “The ones who got away. Although ‘data 
is not the plural of ‘anecdote; their stories speak to the fact that plenty 
of the most capable postdocs will never become group leaders, and that 
many will never do research again once they finish their degree or PhD. 

The picture is different across the world. Take motive: more students 
in Britain than in the United States and Germany are likely to begin 
PhDs without being committed to a career in research (if only because 
they will be able to put the title ‘Dr’ on their credit card in three years, 
rather than in six or seven). 


REBRAND 
Figures collected by the US National Science Foundation show that 
nearly 20% of Americans with science PhDs were not working in 
science in 2010, and full-time jobs in academia are proving harder 
to come by. A telling infographic (go.nature.com/vhlewm) from the 
American Society for Cell Biology points out that less than 10% of the 
86,000 current biology PhD students in the United States will become 
tenure-track faculty members. “A faculty job is an ‘alternative’ career,” 
the graphic cheekily states, while noting that more than half of PhD 
students rank a professorship as their most desired career. 

You can look at this glut in a couple of ways. Nature’s 2011 special, 
‘The future of the PhD’ presented all these extra doctors as a problem 
in need ofa fix (see nature.com/phdfuture). In one story, “The PhD 


factory, we noted that the world was producing more postdocs than 
ever, with the implicit suggestion that fewer of them would probably 
bea good thing: “Supply has outstripped demand and, although few 
PhD holders end up unemployed, it is not clear that spending years 
securing this high-level qualification is worth it for a job as, for exam- 
ple, a high-school teacher,’ we wrote (see Nature 472, 276-279; 2011). 
Another piece offered suggestions for revamping the education of 

future scientists — from earlier independence 


“Universities to online courses to ditching the PhD entirely 
shoulddomore _ (see Nature 472, 280-282; 2014). 

to help their But instead of culling graduate students 
PhD students to or abandoning the PhD, why not rebrand it? 
gain skills and Rather than being a first rung on a ladder that 
contacts that ends with tenure-track professor (unless you 
will comein tumble off), doctorates could be treated more 
handy beyond like a trail that feeds through to a number of 


different paths (some easier, some harder, 
some even rather scary). 

Many enlightened group leaders already see their roles as mentors 
in this way. When contacted about participating in “The ones who got 
away, one group leader who did not end up in the story suggested 
that we switch to the headline ‘How scientists have had super careers 
in areas other than lab research. Another scientist we contacted runs 
an annual alternative-careers workshop, so that the PhD students and 
postdocs in her lab can see that there is life after academia. 

The burden should not fall only on group leaders and mentors. When 
universities are wooing prospective postdocs, they should make it clear 
that most will not end up as faculty members, while pointing out all 
the other careers that their graduate students have gone on to pursue. 

Universities should also do more to help their PhD students to 
gain skills and contacts that will come in handy beyond academia, for 
instance by making it easier for students to take courses in other schools 
and departments. This is not to say that graduate school should turn 
into a trade school. Designing, conducting and interpreting experi- 
ments teaches young scientists how to do more than move minuscule 
amounts of water around and calculate P-values. Soroosh Shambayati, 
a chemist turned investment banker whom we profile in the News 
Feature, found that his talents for setting up multi-step chemical 
reactions prepared him for trades in derivatives. 

Armed with this kind of information and support, would-be gradu- 
ate students can make more-informed decisions about whether a PhD 
is right for them, whatever their goals. It would be misguided for new 
graduates to see their PhD purely asa career stepping stone, but it would 
be equally wrong to deny PhDs to all but the most committed academics. 

Certainly, many of those who pay for postgraduate training are 
sanguine about where these ‘scientists’ end up working. As National 
Institutes of Health director Francis Collins told Nature in a recent 
interview: “They are not alternative careers, they are just careers.” m 


academia.” 
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Heavenly homes 


The discovery of our Galaxy’s place in the 
Universe adds detail to our address. 


paper, noted in his 2011 book The Address Book, inquisitive 

schoolchildren the world over have a certain ritual. Handed 
a new exercise book and asked to add their name and address, they 
do so ona Universal scale. House number, street, town and country, 
postcode even, are followed by their designated continent and the 
name of our planet. Up the cosmic scale they go, noting the Solar 
System then the Milky Way, before offering the final identifier: the 
Universe. 

It sounds precise; it is anything but. Most difficult for a deep-space 
postal service would be the first jump, from the infinite stretch of 
the known Universe down to our local Galaxy, the Milky Way. Well, 
things just got a little easier. (Although perhaps not for Radford, who 
may need to update his book.) This week, scientists add a new line to 
our planetary coordinates: the Laniakea galaxy supercluster. 

Do not bother googling the name. It really is brand new, coined 
by an international group of astronomers on page 71 of this issue. 
Our place in the Universe, for so long one of the core mysteries of 
human existence that scientists and this journal are dedicated to 
unravelling, just got a little clearer. Laniakea, the scientists write, 
is our home supercluster, the one in which the Milky Way resides. 

What kind of home is it? It is big — some 160 million parsecs 
across. Although not as big as some superclusters, it is the largest 
in our local neighbourhood, which is surprisingly crowded given 
the vast emptiness of most of the cosmological void. Laniakea has 


A s Tim Radford, former science editor of The Guardian news- 


several supercluster neighbours, including Coma, Perseus-Pisces 
and Shapley. (Together they make what? A super-supercluster? A 
hypercluster?) 

It is a home that has been hiding in plain sight, colossal and all 
around us, yet unnoticed by previous astronomical surveys. As 
Elmo Tempel discusses in a News & Views article on page 41, this 
is probably because the boundaries of superclusters are tricky to pin 

down, even for astronomers. 


“Itis ahome Laniakea was finally spotted with the 
that has been help of what Tempel calls a “nifty algo- 
hiding in plain rithm” that helped the astronomers to turn 
sight, colossal incomplete measurements of the motion 
and all around of galaxies into a map of the distribution 
us, yet unnoticed and dynamics of cosmic matter. Their map 
by previous shows galaxy superclusters as hotspots — 
astronomical basins of attractions in fields of velocity 
surveys.” flow — that can be hived off from their 


surroundings. 

It is a local map. The nifty algorithm is limited because it depends 
on direct measurements from Earth of how rapidly galaxies recede 
owing to cosmic expansion. The rest of the Universe — those galax- 
ies far, far away — remains uncharted territory, for now. 

Still, the Laniakea survey is more than cartographical and geo- 
graphical information. It reveals details of the large-scale structures 
that surround the Milky Way (best viewed in a video available here: 
go.nature.com/hpjzwh), which should help astronomers to close in 
their determinations of cosmological parameters such as the density 
of dark energy, the hidden power believed to push the Universe away 
from us. 

The name Laniakea has Hawaiian roots, and roughly translated 
means spacious heaven. It is a beautiful address to have. And one 
that comes just in time for the new school year and a new curious 
generation. m 


The digital toolbox 


A new section of Nature examines the software 
and websites that make research easier. 


would probably think first of hardware: the microscope, the 

telescope, the mass spectrometer, the genome sequencer, 
the test-tube. But just as important to today’s data-wranglers are 
software — Excel, ChemDraw, MATLAB — and the programming 
languages used to create it, such as Python, R and SQL. Such tools 
are integral to modern research practice, whether for analysing or 
visualizing data, sharing files, collaborating, writing up papers, pub- 
lishing, searching the literature or simply organizing one’s work. 
And although software engineers have often overlooked science in 
favour of more lucrative markets — think Flappy Bird, Instagram 
and iTunes — software, websites and apps designed specifically for 
researchers are blossoming. 

Partly in response to this flourishing sector, Nature this week intro- 
duces a new section to help readers keep up to date. The Toolbox pages 
will collect the journal’s writing on software tools and websites that 
researchers use to work more efficiently, or in new ways. Find them 
online at nature.com/toolbox, and monthly in print. 

Barely a week goes by without the appearance of a website offering 
improved research productivity, or the launch ofa start-up firm hop- 
ing that its unique idea will change scientific workflow. Toolbox will 
aim to guide the perplexed through the maze of sites and programs, 
discussing their similarities and distinguishing points. But it will be 


A sked to list the essential tools of a scientist’s trade, most 
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a community-driven resource, with scientists in various fields who 
work heavily with data or programs offering thoughts on their most 
commonly used software. The site will also collect Nature’s writing on 
the broader context of online research — from open data to citizen 
science and crowd-funding. 

In this issue, for instance, the section reviews a recent trend: the 
emergence of ‘recommendation engines’ that sift the flood of literature 
so that scientists can find relevant papers and information (see page 
129). Future articles will include a look at the iPython interactive- 
computing project and its applications for scientists, and an exami- 
nation of websites that promise to help researchers to collaborate on 
research papers. 

A little software literacy can make any researcher’s daily life more 
efficient. Version-control systems such as Git, for instance, help to 
record changes made to files, to allow recall and analysis of past and 
evolving work. Websites such as GitHub (a favourite of software engi- 
neers, but increasingly of scientists too) build on these platforms to 
help researchers to work collaboratively on a research paper, or to 
ensure that data analysis is clear and reproducible. 

Such programming tools are already the daily bread of the data 
scientists, bioinformaticians and climate modellers among Nature's 
readers. But jargon can make them off-putting for non-coders. At the 
same time, it can be hard to tell which of the more polished, graphi- 
cally friendly software packages are worth investing your time in. So 
on the Toolbox website, scientists will be able to share their recom- 
mendations for particular software (both commercial and free). Asa 
taster, this week the Software Carpentry move- 
ment, which teaches basic software skills to 
researchers, explains its motivations and opera- 
tions. A bad workman may blame his tools; a 
good scientist needs to keep track of them. m 
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IZETTE GREYLING 


WORLD VIEW yecnsicor sen 


was released in June and is likely to act as a focal point for pro- 
motion and funding decisions. Creators of such metrics — in 

this case the company Thomson Reuters — argue that they take no 
responsibility for how their data are used. But the reality here in South 
Africa, as in many other countries, is that they feed into official judge- 
ments of performance and discussions of how to allocate resources. 

To me, an early-career African scientist, the latest list makes disturbing 
reading (highlycited.com). Searching across all entries, only 11 African 
scientists made it onto the list — just 0.3% of the total. Of these, only six 
have primary addresses in Africa. The list is dominated by the United 
States (more than half ofall scientists featured), followed by a handful of 
European nations, as well as China and Japan. Most developing coun- 
tries have similarly bleak showings, except Saudi 
Arabia, which has more scientists on the list — all 
from a single university — than any other nation 
except the United States and the United Kingdom. 

If this is a true reflection of the world’s leading 
minds, what does it mean for an aspiring scientist 
in Africa? It might be subjective, but if you have an 
interest in furthering your career, how could this 
easily accessible and well-published list influence 
you? It tells an enquiring young scholar little about 
current research growth or potential in Africa. 

The value of role models for stimulating young 
people to follow a certain career is well known. 
When I reflect on my choice to venture into biol- 
ogy, I recall reading about the first human heart 
transplant, by Christiaan Barnard in South Africa 
in 1967. I was intrigued by this ‘magic’ It wholly 
challenged my perception of life as I knew it; how 
on Earth was this possible? Today, considering the highly-cited list, Iwas 
confronted with a new question: is there any value in continuing an aca- 
demic career in Africa when all the science of ‘impact’ is done elsewhere? 

Arguably, there has never been a better time to be a budding scien- 
tist. With advances in technology, and the great increase and connec- 
tivity of available knowledge, I am part of a generation with unrivalled 
tools for investigating some of the world’s most complex questions. 
Moreover, with various factors driving international collaboration, 
geographical and disciplinary boundaries no longer stand in the 
way of attacking evermore complicated questions. Fundamentally, 
young scientists should all strive to learn from the best researchers, in 
countries offering the highest scientific impact. The global scientific 
impact metric provides an attractive map with which to orient such 
an endeavour. 


Te latest global list of the world’s most highly cited scientists 


Excellence should be recognized and DNATURE.COM 
rewarded, especially when research funds are _ Discuss this article 
under pressure and critical voices call for greater _ online at: 


accountability. Yet the very nature of global _ go.nature.com/vedpad 


IMPACT DATA 
NEED T0 BE 


PARTITIONED 
TO STOP SCIENTISTS 
FROM DEVELOPING 
REGIONS FALLING 
THROUGH 


THE CRACKS. 


Judge research impact 
on a local scale 


Metrics that give a global overview risk sidelining science in developing 
nations, argues Casparus J. Crous. 


excellence metrics makes rewarding excellence trickier in developing 
nations. How do we reward the careers of the best curious minds at 
lesser-known universities, who study issues of high regional impor- 
tance that might have limited global consideration at that time? 

With Africa steadily progressing in its science capacity, the anchor- 
ing of research excellence to such lists could render African-based 
academia a less attractive or less rewarding career choice, ultimately 
impeding the overall investment of science in the region. 

I ask that Thomson Reuters and others take a more sophisticated 
approach that uses spatially explicit modelling (also known as individ- 
ual- or agent-based modelling). Such models include extra dimensions 
— age and geography, for example — to highlight the best local outputs 
and people, and to account for their realized or in situ research impact. 

Impact data need to be partitioned and not 
pooled globally. This would stop important sci- 
entists from developing regions falling through 
the cracks. In community-ecology analyses, we 
often standardize species-composition data to 
reduce the weight of the dominating species. 
This is important for observing the influence that 
the less-abundant species have on community 
patterns across the landscape. Impact assessment 
should do this too. 

Locally sensitive lists would paint a less dis- 
mal picture of African research. This is more 
work for metrics institutions, but I feel that it 
is not unreasonable. (Some resources, such as 
the Times Higher Education World University 
Rankings, powered by Thomson Reuters, include 
structured sensitive metrics as regular features.) 

I hope that a world that values the unravelling 
ofa complex question, no matter how localized, has not disappeared. 
Is this not how the art of science originated, and what still draws curi- 
ous scholars? I hope that there is still room to appreciate and respect 
local knowledge at a grand scale, on which global numbers do not 
exclusively dominate decision-making by funders, promotions by 
administrators, and the movement of young scientists. Otherwise it 
would be akin to judging happiness around the world on the basis of 
data on national gross domestic product. 

If influential players in global science continue to propagate such 
crude centralized models, there would seem to be little hope for the 
development of a more equally distributed global science system, 
which in turn would drive a more equal and sustainable future. Such 
a system can be achieved only if we find ways to solve the problems in 
the regions we live in — independent of scale. m 


Casparus J. Crous is a researcher at the University of Pretoria in 
South Africa. 
e-mail: casper.crous@fabi.up.ac.za 
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Selections from the 
scientific literature 


RESEARCH HIGHLIGHTS 


BIOCHEMISTRY 


Marine enzyme 
can multi-task 


An enzyme discovered in a 
marine bacterium catalyses 
complex reactions in a way that 
can be mimicked using simpler 
molecules, say biochemists 

at the Scripps Institution of 
Oceanography at the University 
of California, San Diego. 

Bradley Moore and his team 
examined how a species of 
Streptomyces creates molecules 
known as merochlorins, which 
are promising antibiotics. They 
found that the bacterium uses a 
vanadium-dependent enzyme 
that first adds chlorine atoms 
to specific sites on a simple 
precursor molecule, then 
causes the precursor to wrap 
up — or cyclize — into the final 
merochlorin structure. 

The researchers imitated the 
enzyme’ unusual activity using 
aset of catalysts and small 
molecules to make previously 
overlooked products related 
to the initial merochlorins, in 
only five reaction steps. 

Angew. Chem. Int. Ed. http://doi. 
org/f2tm9p (2014) 


| __NEUROSCIENCE 
Eyes offer window 
on dementia 


The loss of cells in the retina 
might predict a common 
type of dementia years before 
behavioural changes set in. 

A team led by Li Gan and 
Ari Green at the University 
of California, San Francisco, 
imaged the retinas of 12 people 
with mutations that cause 
frontotemporal dementia, a 
common cause of dementia 
in people under 60 years old. 
Even though most of the 
subjects had yet to develop 
symptoms, their retinas 
tended to be thinner than 
those of 24 people without 
the mutations. Mice lacking 


GEOLOGY 


Mobile rocks explained 


Rocks that mysteriously slide across a dry lake bed are thought 
to be nudged along by large ice sheets. But previously, no one 
could fully explain how the rocks — some weighing more than 
300 kilograms — scoot across Racetrack Playa in California. 
Now a team led by Richard Norris at the Scripps Institution 
of Oceanography in La Jolla, California, has caught the rocks 
in action after tagging them with Global Positioning Satellite 
markers. On 20 December 2013, pools of ice in the lake 
started cracking in the morning sun. A gentle breeze then 
bumped ‘windowpane ice sheets against the rocks, moving 
them at a rate of 2-5 metres per minute. When the ice melted, 
more than 60 rocks had budged, leaving freshly formed trails 
(pictured) behind them. By the end of the winter, the farthest- 


moving rock had travelled 224 metres. 


PLoS ONE 9, e105948 (2014) 


the same gene also lost retinal 
neurons as they aged. 

Retinal deterioration could 
be one of the earliest observable 
signs of frontotemporal 
dementia, the team says, and 
a useful biomarker in trials of 
drugs that slow the disease. 

J. Exp. Med. http://doi.org/vdp 
(2014) 
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Ebola genomes 
decoded 


Researchers from four 
countries have used deep 
sequencing to analyse the full 
suite of Ebola virus strains 
present in 78 people diagnosed 


in Sierra Leone in the ongoing 
West African epidemic. 
The outbreak began in 
February 2014 in Guinea, and 
health officials had recorded 
1,552 deaths as of 28 August, 
although this is thought to be 
well below the actual figure. 
The study authors report 
that the current outbreak is 
caused by a virus variant that 
separated about ten years ago 
from viruses responsible for 
past Ebola outbreaks. This 
variant has accumulated 
341 mutations since then, 
and 55 more as it spread 
among the people sampled 
in this study. In contrast to 
some past Ebola outbreaks, 
in which humans repeatedly 
acquired the virus from 
animal reservoirs, human-to- 
human transmission is driving 
the current outbreak. The 
researchers hope that the work 
will inform the design of Ebola 
diagnostics, vaccines and 
treatments. 
Science http://doi.org/vfk (2014) 


ANTHROPOLOGY 


Sahara stopped 
human mixing 


North Africa was a patchwork 
of human populations around 
the time our species trekked 
out of the continent. 

Previous studies have 
proposed that the Sahara 
Desert was transformed 
into lush grassland during 
a wet spell between around 
130,000 years and 75,000 years 
ago, offering few barriers to 
Homo sapiens expanding its 
range. However, researchers 
led by Eleanor Scerri at the 
University of Bordeaux, 
France, modelled the climate 
of northern Africa during 
this period and found 
that the Sahara, although 
much greener than today, 
still contained tracts of 
uninhabitable desert. 

Comparisons of artefacts 


MIKE HARTMANN 


HUISHENG PENG 


from 17 archaeological sites 
revealed geographic variability 
in the types of stone tool and 
techniques used to make 
them. The most similar tool 
assemblages tended to be 
those found closest to one 
another or those linked by 
green passageways. 

Human populations in 
North Africa, including those 
that eventually colonized 
Europe and Asia, lived in 
semi-isolated groups that rarely 
mixed, the authors say. 

Quat. Sci. Rev. 101, 207-216 
(2014) 


Flexible solar cells 
work both ways 


Material scientists have 
created a wearable fabric that 
can gather solar energy from 
either side. 

Huisheng Peng at Fudan 
University in Shanghai and his 
colleagues made the material 
(pictured) by sandwiching 


a textile, woven from metal 
fibres coated with a photoactive 
polymer, between two 
transparent and conductive 
carbon-nanotube sheets. The 
sandwich design means that the 
polymer solar cells can convert 
light to electricity regardless of 
whether they are illuminated 
from the top or bottom. This 
could make the fabric simpler 
to integrate into devices. 

The cells convert just 1% of 
sunlight into electricity. But 
with efficiency improvements, 
the fabric could be used to 
power portable electronics, the 
authors say. 

Angew. Chem. Int. Ed. http://doi. 
org/f2tqbp (2014) 


RESEARCH HIGHLIGHTS MiiiSaiiaa¢ 


Popular articles 
on social media 


SOCIAL SELECTION 


Fresh arguments over old data 


Every once ina while, an academic argument turns into 

a social-media spectacle. A collision over a seemingly 
innocuous subject — genes and the pursuit of happiness — 
has attracted a large number of onlookers. 

In 2013, a paper concluded that a person's approach to 
happiness can shape gene expression (B. L. Fredrickson et al. 
Proc. Natl Acad. Sci. USA 110, 13684-13689; 2013). The 
study and its first author, psychologist Barbara Fredrickson 
at the University of North Carolina in Chapel Hill, received 
much media attention at the time, but a new report by US 
and UK researchers claims that the findings were “artifacts 
of dubious analysis and erroneous methodology”. Stuart 
Ritchie, a human-intelligence researcher at the University of 
Edinburgh, UK, evidently enjoyed the show, as revealed by 
his tweet: “This demolition ofa ‘genetics of wellbeing’ paper 
raised my wellbeing by a considerable amount.” 

Proc. Natl Acad. Sci. USA http://doi.org/vfp (2014) 


Based on data from altmetric.com. > NATURE.COM 
Altmetric is supported by Macmillan For more on 

Science and Education, which owns popular papers: 
Nature Publishing Group. go.nature.com/3ysfdp 
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SEVEN DAYS nescnsi 


POLICY 


E-cigarette reports 
Electronic cigarettes 

need more-stringent 
regulations, the World Health 
Organization (WHO) said on 
26 August. The agency says 
that bans on indoor ‘vaping’ 
and on sales to minors should 
be put in place until there is 
more evidence of the devices’ 
safety and the health risks 

are better understood. Ina 
separate report, released on 
25 August, the US Centers 
for Disease Control and 
Prevention found a threefold 
increase from 2011 to 2013 

in the number of US school- 
age e-cigarette users who had 
not smoked previously. See 
page 24 for more. 


Animal welfare 

Labs certified by the 
Association for Assessment 
and Accreditation of 
Laboratory Animal Care 
(AAALAC) International 
violate animal-research 

rules more often than non- 
accredited labs, according to a 
study by People for the Ethical 
Treatment of Animals (PETA). 
AAALAC International 
certification is the ‘gold 
standard’ for animal welfare; 
funding agencies including 
the US National Institutes of 
Health grant accredited labs 
privileges such as inspection 
waivers. PETA examined 
records for more than 800 US 
labs, and presented its findings 
on 25 August at the 9th World 
Congress on Alternatives 

and Animal Use in the Life 
Sciences. 


Corals protected 
On 27 August, the US 
National Oceanic and 
Atmospheric Administration 
listed 20 species of coral as 
threatened under the auspices 
of the Endangered Species 
Act. In November 2012, the 
agency had proposed listing 


Seismic unrest at Bardarbunga 


Iceland’s Bardarbunga volcano erupted on 

29 August, spurting lava out ofa 1.5-kilometre- 
long fissure in a barren lava field (pictured). The 
surface eruption continued intermittently over 
the following days, and is the latest manifestation 
ofa massive underground movement of magma, 


54 coral species as threatened 
and 12 as endangered. It had 
also suggested changing the 
status of the elkhorn (Acropora 
palmata) and staghorn 
(Acropora cervicornis) from 
threatened to endangered. The 
agency says that it narrowed 
the list owing to public 
comments as well as research 
findings on coral biology, 
habitat, distribution and 
abundance. 


Reburied remains 
A US federal court ruled on 
27 August against scientists 
seeking to prevent the reburial 
of 9,000-year-old human 
remains. The bones were 
found on the campus of the 
University of California, San 
Diego, in 1976. In 2012, the 
university acquiesced toa 
request from the Kumeyaay 
Native American tribes to 
return the bones. But a group 
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of palaeoanthropologists sued 
the university in an attempt 

to block the return, claiming 
that the Kumeyaay were not 
culturally affiliated with the 
remains. The Ninth Circuit 
appeals court in San Francisco 
rejected the scientists’ claim. 


Data sharing 


All genomics data generated 
through large-scale projects 
funded by the US National 
Institutes of Health (NIH) 
must be shared online, the 
agency said on 27 August. 

The NIH previously required 
such sharing only for genome- 
wide association studies. 
Researchers must also ask 
study participants for consent 
to share their data for use in 
future research — a policy 
that also applies to cell lines 
and clinical specimens such as 
tissue samples. See go.nature. 
com/hi4xsz for more. 


which has created a buried wall of fresh rock 
some 45 kilometres long. As of 1 September, 

no ash had been emitted. But halfway around 
the world, the Rabaul volcano in Papua New 
Guinea spewed ash on 29 August, leading to the 
re-routing of several flights in the area. 


Institute reform 

The Japanese institute at 

the centre of a misconduct 
scandal has announced that 

it will be renamed and that 
the number of its laboratories 
will be cut. Although world 
renowned, the RIKEN Center 
for Developmental Biology in 
Kobe has been under fire after 
biochemist Haruko Obokata 
was found guilty of scientific 
misconduct. Its director 
Masatoshi Takeichi will also 
step down. See go.nature.com/ 
fvyj36 for more. 


Satellites stuck 


A pair of satellites for Europe’s 
Galileo global navigation 
system, which suffered a 
botched launch on 22 August, 
do not have enough fuel to 
reach their intended orbits, 
says the European Space 
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Agency. The satellites, which 
are stuck in an elliptical 

orbit at a lower altitude than 
planned, might still be useful 
for some navigation or test 
purposes, the agency says. A 
report into the faulty launch is 
expected on 8 September. 


Comet landing sites 


The European Space Agency 
announced a list of candidate 
landing sites for its robotic 
comet probe, Philae, on 

25 August. In the first 

ever attempt to land ona 
comet, the agency’s Rosetta 
spacecraft will dispatch 

Philae to the surface of 67P/ 
Churyumov-Gerasimenko 

in November. Studies have 
identified five potential sites 
on the rubber-duck-shaped 
comet — three on its ‘head’ 
and two on its ‘body’ — on the 
basis of landing constraints 
and scientific priorities. Sites 
will be assessed and ranked by 
14 September. 


Hologram test 


An experiment designed to 
test whether the Universe isa 
two-dimensional hologram 
has begun collecting data, the 
Fermi National Accelerator 
Laboratory near Batavia, 
Illinois, announced on 

26 August. The project 
scientists hypothesize that 
what we perceive to be a third 
dimension could actually be 


TREND WATCH 


Renewable-power capacity 

grew faster than ever before in 
2013 — but growth should level 
off by 2020, the Paris-based 
International Energy Agency says 
in this year’s Renewable Energy: 
Medium-Term Market Report. 
The report, released on 28 August, 
says that policy and market risks 
are making it difficult to forecast 
deployment, including doubts 
about how to integrate renewable 
power into the electricity grid; 
and uncertainty over whether 
subsidies and tax incentives will 
be maintained. 


information encoded ina 
two-dimensional reality. In 
principle, such a phenomenon 
would have a measurable 
signature, which the lab’s 
Holographic Interferometer 
(pictured), or Holometer, will 
attempt to detect using twin 
lasers. 


Mission reprieve 
Two NASA missions 
considered on the verge 

of closure — the Mars 
Opportunity Rover and 

the Lunar Reconnaissance 
Orbiter — will continue for 
another two years, scientists 
close to the projects have 
confirmed. The news broke 
ahead of a long-awaited 
review to set priorities on 
NASAs planetary missions in 
the event that tight budgets 
force the agency to switch 
off operating spacecraft. 
The review is expected to 

be released on 3 September. 
See go.nature.com/1fi8m5 
for more. 


Ebola vaccine trials 


The US National Institute 

of Allergy and Infectious 
Diseases announced on 

28 August a series of phase I 
trials of Ebola vaccines in 
healthy volunteers. A trial 

of a vaccine developed 

with pharmaceutical giant 
GlaxoSmithKline will begin 
next week; another, developed 
by the Public Health Agency 
of Canada and licensed to the 
company NewLink Genetics 
in Ames, Iowa, is expected 

to undergo safety studies in 
the autumn. The trials will 
assess immune responses and. 
vaccine safety. See page 13 for 
more. 


Space-junk system 
US defence company 
Lockheed Martin in Bethesda, 
Maryland, has signed a deal 
with Electro Optic Systems in 
Canberra to build a space- 
debris tracking station in 


FLAT PREDICTION FOR RENEWABLES 


The International Energy Agency expects most of the growth in capacity 
to come from countries outside the OECD, particularly from China. 


=World OECD China Other non-OECD 


Net new renewable electricity 
capacity (gigawatts) 


2006 2008 2010 2012 2014 2016 2018 2020 


OECD: Organisation for Economic Co-operation and Development. 
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Western Australia. The station 
will use advanced laser and 
optical technology to detect, 
follow and identify space junk 
that can damage satellites. It 
will complement radar-based 
systems such as the US Air 
Force's Space Fence, to be 

built by Lockheed Martin, 
which will track about 200,000 
objects. There are an estimated 
500,000 pieces of debris 

larger than a marble spinning 
around Earth at about 

28,000 kilometres per hour. 


Stem-cell trial 

A landmark stem-cell trial that 
was abruptly stopped in 2011 
has been given a green light 

to restart by the US Food and 
Drug Administration. Asterias 
Biotherapeutics of Menlo 
Park, California, announced 
on 27 August that in early 2015 
it will start a safety and efficacy 
trial of a treatment involving 
nerve-cell precursors derived 
from human embryonic stem 
cells. Thirteen patients with 
spinal-cord damage in the 
neck will receive the therapy 
within a month of their 
injuries (see Nature 510, 18; 
2014). Geron of Menlo Park, 
California, which originally 
started the trial, had stopped 
the study to focus on cancer 
treatments. 


Investment ban 

The University of Sydney in 
Australia has ceased to invest 
in coal mining, making it the 
first such institution in the 
country to do so, according to 
media reports. On 25 August 
the university announced 
that it will no longer invest 

in Whitehaven Coal, a 
Sydney-based company that 
is developing Australia’s 
largest open coal mine. The 
following day, the institution 
said that its divestment 
extends to the whole coal and 
consumable fuels sector. The 
move follows a campaign 
from the environmental 
group Greenpeace, calling on 
the university to divest from 
Whitehaven Coal. 
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INFECTIOUS DISEASE 
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The Ebola outbreak, which has killed more than 1,500 people, has devastated the impoverished countries of West Africa. 
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Ebola drug trials set to 
begin amid crisis 


Testing drugs in the middle of deadly disease outbreak is challenging but can be done. 


BY DECLAN BUTLER 


illiam Pooley, a nurse from the 
United Kingdom who caught Ebola 
while treating patients in Sierra 


Leone, is the latest person in the current out- 
break to receive the experimental drug ZMapp. 
Yet there is still no evidence that the drug, or 
any of the other treatments under develop- 
ment for Ebola, are safe or effective in peo- 
ple. To change this state of affairs, the World 
Health Organization (WHO) is this week con- 


vening a major meeting to prioritize the most 
promising experimental Ebola drugs and 
vaccines, and to discuss how clinical studies 
can best be carried out in the chaotic environ- 
ment of a deadly disease epidemic. 

Although the drug’s manufacturer Mapp 
Biopharmaceutical of San Diego, California, 
has given out doses of ZMapp to seven people 
so far, this was authorized on a case-by-case, 
‘compassionate use’ basis. No drugs or vaccines 
for Ebola have been approved by regulators. 

The first phase of clinical trials, to test for 


a product’s safety, is usually carried out in 
healthy volunteers in facilities with sophis- 
ticated clinical-trials infrastructure. But an 
unusual combination of factors — the diffi- 
culty of implementing public-health measures 
to control the disease’s spread in the affected 
countries, the huge social and economic dis- 
ruption that it is causing and the fact that the 
current outbreak kills about 53% of the people 
it infects — makes this crisis an exception. 
Last month, an expert panel convened 
by the WHO concluded unanimously 
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DRUGS AND VACCINES TO WATCH 


This week the World Health Organization is convening a meeting to discuss Ebola drugs and vaccines that 
might be prioritized for trials during the current outbreak. Here are some that delegates will consider. 


TREATMENT 


ZMapp F 7a P : : 

Mapp Biopharmaceutical, USA Antibody cocktail binds to and inactivates virus. 
Favipiravir Broad antiviral compound that inhibits 

Fujifilm, Japan, and Medivector, USA a viral enzyme. 

TKM-Ebola RNA molecules bind to Ebola’s genetic Protects monkeys with related Marburg 
Tekmira Pharmaceuticals, Canada material, preventing the virus from proliferating. virus. Phase | human trials ongoing. 
BCX4430 Broad-antivival d 

BioCryst Pharmaceuticals, USA roa’ altlvital compound: 


DRUGS 


oe 


NIAID/GSK Ebola vaccine 
US National Institute of Allergy 


and Infectious Diseases and 
GlaxoSmithKline, UK 


VACCINES 


> that it is ethical to use unapproved drugs 
and vaccines in this outbreak, provided that 
every effort is made to gather the best scien- 
tific data on their safety and efficacy. And on 
4-5 September, 150 Ebola scientists, industry 
executives, clinical-trials experts, ethicists 
and regulatory officials are due to meet at the 
WHO’ headquarters in Geneva, Switzerland, 
to identify and prioritize the most promising 
products for use in clinical trials (see ‘Drugs and 
vaccines to watch). 

Although the slow regulatory route for 
testing drugs and vaccines is ill-adapted to the 
rapid response needed during an outbreak, it is 
an obstacle that must be overcome, says Jeremy 
Farrar, a tropical-disease specialist and head 
of the London-based biomedical-research 
charity the Wellcome Trust. “We don't have the 
luxury of being able to test these in humans 
outside of an epidemic setting” 

Large and complex trials, in which 
treatments are allocated at random to a 
homogeneous group of people, would be 
impractical in the field, say infectious-disease 
researchers: the countries affected by the Ebola 
outbreak have fragile health-care systems that 
have been overwhelmed by the outbreak and 
a health-care workforce ravaged by the virus. 

The next steps are therefore likely to be the 
introduction of small-scale trials for both 
safety and efficacy, in which people with Ebola 
receive the drugs in an organized manner, and 
the outcomes are systematically recorded, says 
Daniel Bausch at Tulane University in New 
Orleans, Louisiana. Ebola’s high mortality rate 
also means that if a drug works, this should 

be easy to detect even in 


> NATURE.COM trials involving just a few 
For more on the dozen patients. 

Ebola outbreak in At the same time, doc- 
West Africa see: tors and clinicians must 


go.nature.com/m55ual better structure the data 


HOW IT WORKS 


Seven people given 


ZMapp on ‘compassionate 
use’ basis: two died. 


TESTS 


Protects monkeys infected with Ebola. 


Humans 


Protects mice with Ebola. Tested in treated 


phase III trials in humans with influenza. 


Protects monkeys infected with related 
Marburg virus. 


Chimpanzee virus delivers segments of ro Te ; 
: ‘ : ' Phase | clinical trials imminent. 
genetic material from two Ebola virus species. 


obtained from cases of compassionate use to 
increase their scientific value, says Bausch, 
who is one of the world’s leading experts in 
fighting Ebola outbreaks and has been caring 
for patients in Sierra Leone. 

Pooling results from different small trials 
and from compassionate use — perhaps 
through a central coordinating body such 
as the WHO — will be key to extracting 
the most useful data, says Farrar. That will 
require the various research organizations, 
charities and drug companies providing the 
medications to agree to standardize how they 
collect their data, for example monitoring a 
patient’s viral load 


and recording how “Filling out 
long patients had aformon 

been infected when 300 patients 
they first received when you have 
the drug. “Let’s say just two nurses 
five different inter- qndadoctor 
ventions get tried is just not 

in the next three realistic.” 


months,” says Farrar. 

“If each of those gathers completely dif- 
ferent, non-comparable information, we 
are likely to end up with no conclusive 
information” 

A coordinated approach could yield data 
that, although not as high quality as those 
obtained from gold-standard randomized 
clinical trials, would be good enough to enable 
decisions to be made on potential treatments, 
says Farrar. Sharing results could also allow an 
iterative process in which ineffective products 
are dropped, and effective ones scaled up. 

But implementing even slimmed-down 
trials will be possible only at the best treatment 
centres, because the logistics elsewhere make 
any clinical work almost impossible, points out 
Bausch. “In Liberia right now, it’s unrealistic to 
think there is any type of infrastructure; they 


VSV-EBOV Contains weakened version of vesicular stomatitis Prevents lethal infection in 
NewLink Genetics, USA virus that is loaded with a gene from Ebola. non-human primates. 


are struggling to have enough beds” for Ebola 
patients, he says. In an outbreak situation, even 
simple matters such as recording data for a trial 
become difficult, he adds. “Filling out a form 
on 300 patients when you have just two nurses 
and a doctor is just not realistic.” 

The WHO meeting will also discuss 
vaccines. Because these are designed for people 
not infected with the virus, the ethical equation 
for testing vaccines is different. 

On 28 August, Anthony Fauci, director of 
the US National Institute of Allergy and Infec- 
tious Diseases, announced that the agency is 
working with vaccine makers and an inter- 
national research consortium, including the 
Wellcome Trust, to conduct phase I safety 
trials of two candidate vaccines. The trials 
will be carried out in healthy volunteers in the 
United States, the United Kingdom, Gambia 
and Mali, all of which have good clinical-trials 
infrastructure, before being tested or intro- 
duced into outbreak areas. 

Getting any products out in time to be of 
significant help in controlling the outbreak 
will be challenging, says Bausch. Still, the 
investment could help to control future Ebola 
outbreaks. 

Robert Fowler, a critical-care specialist at 
the University of Toronto, Canada, who has 
been working for the WHO in Guinea and 
Sierra Leone, says that although he is support- 
ive of the testing of new drugs and vaccines, 
improvements in basic treatment should not 
be overlooked. Fowler is preparing to publish 
results showing that providing intravenous 
rehydration to restore electrolyte balance can 
greatly reduce mortality rates. Such supportive 
care is available at only a few treatment centres 
in the region, but could help to reduce mortal- 
ity right now, he says. m 


Additional reporting by Nicole Skinner. 
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The strong El Nifio weather event of 1997-98 caused flooding and massive damages in California. 


OCEANOGRAPHY 


Stalled El Nino 
poised to resurge 


Studies of brewing weather event test understanding of 


past and future climate. 


BY MARK ZASTROW 


hen Julia Baum tried to fly to the 
remote Pacific atoll of Kiritimati 
with a chest freezer in her luggage 


last month, her airline objected. Baum needed 
it to store samples of the algae that underpin 
the atoll’s fragile coral ecosystem. “It was a lot 
of smiling and begging,” she recalls. “‘It's for 
science! It’s for coral reefs! Help us!” Airline 
officials let it go. 

This year Baum, a marine biologist at the 
University of Victoria in Canada, has an added 
incentive to head into the field: the weather 
pattern known as El Nifo is brewing, and she 
wants to see what the warming it brings to the 
tropical Pacific Ocean will do to the algae that 
live in the reefs of Kiritimati, part of the island 
nation of Kiribati. 

Hers will be one of many teams watching 
this potential El Nifio. A growing array of 
satellites, moored and free-floating buoys and 
autonomous underwater vehicles is tracking 
changes in ocean temperatures and atmos- 
pheric conditions. Those data are flowing into 


climate models that try to predict the strength 
and timing of this year’s El Nifio event — the 
erratic behaviour of which has already tested 
forecasters. If researchers could learn to pre- 
dict such events with precision, it would sig- 
nificantly improve their understanding of the 
past and future climate. 

The first signs of an El Nifio came in January, 
when the east-to-west trade winds that blow 
across the tropics suddenly weakened, and a 
burst of winds from the west triggered a slow 
surge of warm water into the eastern equatorial 
Pacific. In 1997, similar conditions helped to set 
in motion one of the strongest El Nifio events 
on record, which caused extreme rainfall along 
the western coasts of North and South America 
and drought in Australia and southeast Asia, 
resulting in thousands of deaths and tens of bil- 
lions of dollars’ worth of damage. 

Sustaining an El Nifio requires the ocean and 
the atmosphere to work together. Normally, 
the warming in the eastern Pacific that pres- 
ages such an event strengthens wind patterns 
that push even more warm water eastward. But 
this year, the atmosphere did not play its part. 
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Asa result, the ocean cooled in May, June and 
July, and the El Nifo stalled. 

Anthony Barnston, a seasonal climate fore- 
caster at Columbia University in New York 
City, says the latest data show that winds from 
the west are again forming — a second chance 
for a full-blown El Nifio. His team estimates 
that there is a 75% chance that a weak to mod- 
erate event will form by the end of this year, 
just a bit later than researchers had thought. 
The predictions are in line with those from 
the US National Oceanic and Atmospheric 
Administration (NOAA), which puts the 
chance of a weak to moderate El Nifio at 65%. 

Whatever transpires, the next few months 
will be an important test for the latest gen- 
eration of seasonal forecast models. Scientists 
struggled to interpret the wildly divergent pre- 
dictions provided by models before the El Nifo 
of 1997-98, but this time there is cause for opti- 
mism. When the warming of the eastern Pacific 
started to slow this summer, the latest models 
— which run at higher resolution and on more 
powerful computers than their predecessors — 
predicted that El Nino would stall in the sum- 
mer and then resurge. “If we dont see an El Nifio 
this year, then we have a big black mark on the 
model performance,’ says Barnston. 

Other scientists are trying to learn what 
they can about El Nifio’s links to future climate 
change. 

Climate models disagree on whether 
global warming will alter El Nifio’s strength 
or frequency. But even if the general pattern 
of El Nifio events does not change, the warm- 
ing produced by an individual El Nifo in an 
overall warmer climate could generate more 
extreme weather, says Wenju Cai, a climate 
scientist at the Commonwealth Scientific and 
Industrial Research Organisation’s Marine 
and Atmospheric Research centre in Aspen- 
dale, Australia. “The world is not waking up to 
that,’ says Cai, whose modelling work suggests 
that by the end of this century, El Nifio events 
could become twice as common as they were 
for most of the twentieth century (W. Cai et al. 
Nature Clim. Change 4, 111-116; 2014). 

Back in the tropical Pacific, Baum’s col- 
leagues hope to gain a fuller understanding of 
El Nifios history by analysing the oxygen con- 
tent, salinity and temperature of water samples 
from Kiritimati and the Palmyra atoll, a US ter- 
ritory roughly 680 kilometres away. Research- 
ers will use the data to help to calibrate records 
of past climate that are preserved in fossil- 
ized coral. Shifting ratios of oxygen isotopes 
captured in coral layers can reveal changes 
in ocean temperature, providing a record of 
El Nifio events going back thousands of years. 

One thing is certain, says Michael McPhaden, 
an oceanographer with NOAA in Seattle, Wash- 
ington: however this year’s El Nino watch plays 
out, it will influence research for several years. 
“Why has nature surprised us in this startling 
way?” he asks. “Figuring it out is going to be 
really important? = 
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The area surrounding Lake Lucerne in Switzerland experiences a magnitude-6 earthquake about once every 1,000 years. 


NATURAL HAZARDS 


Switzerland braces for 
Alpine lake tsunami 


Authorities in Swiss canton blaze a trail by factoring the risk into hazard planning. 


BY LAURA SPINNEY 


Ts land of chocolate and clocks could 
soon be known for something quite 
different: tsunamis. Authorities in 
Nidwalden, a canton in landlocked Switzer- 
land, are factoring the risk ofa tsunami in Lake 
Lucerne into their hazard plans. It is the first 
official acknowledgement of such a threat in 
Europe’ Alpine region — and comes in step 
with findings that the risk of tsunamis in the 
area, which is home to around 13 million peo- 
ple, is much higher than previously thought. 

Most tsunamis occur in the ocean but they 
can also occur in enclosed bodies of water, when 
underwater sediments shift as a result of an 
earthquake, falling rocks or underlying instabil- 
ity. The hazard that such events pose is outsized. 
“The same source placed inside a lake can have 
a bigger impact than along the coast of an open 
ocean,’ says Hermann Fritz, who studies tsu- 
namis at the Georgia Institute of Technology in 
Atlanta. A tsunami at Lake Yanawayin in Peru in 
1971 is thought to have killed 400-600 people. 

Although not as seismically active as Peru 
or Japan, the Alps do experience earthquakes 
from time to time: one as strong as magni- 
tude 6 occurs roughly every millennium 
around Lake Lucerne, for instance. 


The issue of tsunamis in Alpine lakes 
grabbed the spotlight two years ago when 
limnogeologist Katrina Kremer, then at the 
University of Geneva, Switzerland, and her col- 
leagues reported evidence for a major tsunami 
in Lake Geneva in AD 563 that had wiped out 
communities living on its shores’. 

Kremer, who has since moved to the Swiss 
Federal Institute of Technology (ETH) in 
Zurich, has upped the count to five prob- 
able tsunamis in Lake Geneva over the past 
4,000 years, includ- 


ing another devastat- “Taking such 
ing one during the risksinto 
Bronze Age around accountis quite 


3,400 years ago’. Her 
team relied on cores 
taken by drilling 30 metres into the lakebed. 
The cores represent 4,000 years’ worth of 
sediment deposition, and show telltale struc- 
tures of lakebed displacement that could have 
caused a tsunami. Kremer presented the work 
on 18 August at a meeting of the International 
Association of Sedimentologists in Geneva. 
The ap 563 event, the largest of the five, 
occurred when part of a mountain fell onto an 
unstable underwater delta of the Rhéne river, 
which flows into Lake Geneva (see ‘Origin of 
a wave). The falling rock forced the collapse of 


complicated.” 


16 | NATURE | VOL 513 | 4 SEPTEMBER 2014 


© 2014 Macmillan Publishers Limited. All rights reserved 


sections of the delta, creating a wave that was 
8 metres high when it hit and wiped out the old 
city of Geneva at the other end of the lake. 

The Bronze Age tsunami was 6 metres high, 
and may provide another example of tsunami- 
related devastation in the Lake Geneva region, 
because it fits with a possible abandonment 
by lake-shore dwellers. “We think this could 
explain an occupation gap in early Bronze Age 
sites on the northern shore of the lake,” says 
Kremer. Albert Hafner, an archaeologist at the 
University of Bern, finds the hypothesis con- 
vincing: “They left their sites for many reasons, 
but tsunamis may have been one of them” 

The episodes add to growing evidence for his- 
torical tsunamis in other Alpine lakes, including 
two events’ in Lake Como in northern Italy, in 
the sixth and twelfth centuries ap, and one in 
Lake Bourget in the French Alps in 1822. A wit- 
ness of the 1822 tsunami described the water 
as “boiling like soup’, an effect caused by the 
release of methane when an earthquake stirs 
up organic debris in the lake. 

In the past decade, a history of tsunamis has 
also emerged for Lake Lucerne. Research by 
Flavio Anselmetti, a geologist at the University 
of Bern, and his colleagues reveals’ that the lake 
experienced two tsunamis in the seventeenth 
century. The first, in 1601, reached 5 metres in 
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ORIGIN OF A WAVE 
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Tsunamis in Alpine lakes might be caused by rockslides, 
earthquakes or the spontaneous collapse of unstable river 
deltas. A digital reconstruction shows an area of Lake Geneva’s 
present-day lakebed. The corresponding region collapsed in 

AD 563, triggering a wave that propagated across the lake and 


wiped out Geneva. 


Underwater sediment 
deposited by the Rhone river 
flowing into Lake Geneva. 


height. The amount of sediment on some of the 
lake’s underwater slopes has since increased, 
and a strong earthquake could easily dislodge 
it, triggering a tsunami, says Anselmetti. 
Nidwalden, which borders the lake, has now 
commissioned Anselmetti’s team to assess the 
likelihood of such an event for different scenar- 
ios, including earthquakes of various strengths 
ora rockslide — as well as the probable effect on 
the surrounding land. Aided by geological data 
and computer simulations, they plan to create 
maps of the inundation in each scenario. The 
authorities will use the charts to draw up evacu- 
ation plans and to guide future construction. 
Although the risk of a tsunami in Lake 
Lucerne seems remote, the possibility is real 
enough that insurers might want to know about 
it, says Anselmetti. Underwriters typically con- 
sider events that might occur within the next 
500 years worth insuring against, and it has now 
been more than 400 years since the most recent 
magnitude-6 earthquake at Lake Lucerne. 
Nidwalden is, for now, blazing a lonely 
trail with such plans. Conditions differ across 
regions, provoking varying reactions to the 
threat of Alpine tsunamis. With many more 
people living on its shores and different physi- 
cal and geographical factors at play, a tsunami 
in Lake Geneva could have more devastating 
effects than one in Lake Lucerne, but is less 


Colour gradation indicates depth 


likely to occur in the next 500 years. “Taking 
such risks into account is quite complicated? 
says Jacques Martelain, geologist for the canton 
of Geneva. “What should we do, knock the city 
down and rebuild it elsewhere? We could take 
measures to protect the built-up lake shore, but 
that seems disproportionate.” 

Other regions may yet follow in Nidwal- 
den’s footsteps. Kremer’s latest work shows that 
smaller, but still damaging, tsunamis occur 
more frequently than bigger ones. When it 
comes to crucial infrastructure, insurers deem 
periods longer than 500 years worth planning 
for: an event that poses a threat to nuclear- 
power plants, for instance, need recur only 
every 10,000 years to be considered. 

Lives can be saved if people are trained to 
respond to a tsunami, but until earthquake 
prediction improves, planning efforts will not 
be able to mitigate damage completely. “The 
population,” says Fritz, “must learn to live with 
the hazard to some extent.” m 
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California quake puts warning 
system in the spotlight 


Scientists, politicians and business leaders will discuss practicalities of aregional network. 


BY ALEXANDRA WITZE 


WASHINGTON 
he Bay Area Rapid Transit (BART) Seal és | 
) | 1 ry P Puget Sound 
trains of San Francisco were not TORT 13 April 1949 
running at 3.20 a.m. on 24 August BDH ane One 5 el 
when a magnitude-6 earthquake hit the 26 Jan 1700 Portland 
region. But the BART computers were Meee > OREGON 
working — and they knew what was 
about to happen 10 seconds before the 
ground started shaking, thanks to an 
alert from California's prototype warn- Napa 
ing system. Had the quake struck in the AES ou 
middle of the day, the computers would - 
have instructed the trains to slow toa stop San Francisco 
é 4s . 18 April 1906 
— potentially avoiding a derailment and 78 , 
saving the lives of passengers. CALIFORNIA 
With such a scenario in mind, Fort Tejon 
researchers are pushing hard to wire >. eee Ise7 
a much broader swathe of the US west HISTORY REPEATS : 
coast, from California to Washington, Several major earthquakes have 


with a fully fledged earthquake warn- 
ing system. The US$120-million project 
has not yet secured funding, but the 
latest quake, centred near Napa, Cali- 
fornia, which caused several hundred million 
dollars’ worth of damage, could tip politi- 
cal fortunes in its favour. Seismologists and 
emergency-services managers will discuss the 
practicalities of implementing such systems 
at a conference starting on 3 September at the 
University of California, Berkeley. 

“Tm hoping the Napa quake has created a 
sense of urgency,” says Alex Padilla, a Cali- 
fornia state senator who represents a district 
near Los Angeles. Padilla introduced a bill that 
Governor Jerry Brown signed into law last 
September, which gives the state until 2016 
to set up an early-warning system before the 
legislation expires. 

Yet the law does not specify where the 
$80 million for California's part of the system 
would come from. That puts US seismologists 
at a crucial turning point: if they are unable to 
push through an early-warning system in time, 
they might struggle to get one at all. 

Several countries, including Mexico and 
Japan, have extensive warning systems in 
place to protect their key infrastructures. 
And in Istanbul, seismic sensors allow one of 
Turkey’s main natural-gas providers to shut 
down its pipelines if the ground is about to 
start shaking. Similar warnings flow to nuclear 
power plants in Romania. 

California has the backbone of a warning 
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at least part of the bill. To Heaton’s mind, 
it is not an ideal solution because states 
do not necessarily have the resources or 
expertise: having a state in charge is “like 
Florida running a hurricane warning 
system’, he says. 

Padilla and other politicians have been 
trying to secure the money through dif- 
ferent infrastructure projects to upgrade 
California’s current seismic network and 
add hundreds of new stations. An earth- 
quake early-warning system will never 
be perfect: it will always have a blind 
zone, an area too close to the quake to 
receive a warning. But that zone can be 
shrunk by adding stations and improv- 


ing the network, Allen says. 
For example, the decade-old sensor at 
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system — ShakeAlert, a project run by a 
consortium of universities and the US Geo- 
logical Survey (USGS). The system uses real- 
time information from seismic waves arriving 
at California’s sensor network to send warn- 
ings that secondary, more damaging waves 
are on their way. The alerts go to scientists as 
well as to about 150 organizations, emergency 
managers and other testers. 

And the system works. During the recent 
Napa quake (see ‘History repeats’), ShakeAlert 
provided about 10 seconds of warning to San 
Francisco, which is about 50 kilometres from 
the epicentre. “If this isn’t a sufficient dem- 
onstration of the system to fund full-blown 
implementation, how big does a quake have 
to be?” asks Richard Allen, a seismologist at 
the University of California, Berkeley. 

ShakeAlert was developed with $6.5 million 
from the philanthropic Gordon and Betty 
Moore Foundation in Palo Alto, California, 
but that money will run out next year. So far, 
no one has stepped up with the funds to turn 
it into a mature operational system. In an ideal 
world, the USGS would have set up a federally 
run warning system years ago, says Thomas 
Heaton, a seismologist at the California Insti- 
tute of Technology in Pasadena. 

But USGS budgets have been shrinking for 
years, and states will probably end up footing 
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the seismic station closest to the Napa 
quake’s epicentre took 2.8 seconds to 
register the shaking, process it and relay 
it to the network that monitors Califor- 
nian earthquakes. Had the sensor been 
newer, it could have done all that in just 
0.3 seconds — fast enough to alert the town of 
Napa itself that a quake was imminent, allow- 
ing residents to dive for cover, Allen says. 

To be most effective, the warning network 
would also need to link to infrastructure, as 
it does to the BART computers. “We're really 
talking about a modern command-and-control 
system,” Heaton says. “To turn our seismic 
networks into something that’s automatically 
controlling trains and elevators and the like, we 
need a team of software designers working for 
several years,’ he explains. 

Such connectivity becomes even more 
important were California to integrate its sys- 
tem with seismic networks farther north in 
Oregon and Washington. There, the offshore 
Cascadia fault zone has potential to let loose 
a quake as big as magnitude 9. The fault is 
relatively far from cities, so an early-warning 
system might provide minutes of warning to 
Portland, Seattle or Vancouver. 

Expanding into Oregon and Washington 
would require $40 million over five years. Seis- 
mologists in the region aim to trial alerts using 
testers — much as ShakeAlert is doing — by 
next spring, says John Vidale, a seismologist at 
the University of Washington in Seattle. 

“We don't want to wait until we have a major 
damaging earthquake with hundreds of fatali- 
ties, says Allen. “We want to build it now.’ m 


SOURCE: USGS 
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nc0T TAWAY 


Sometimes, the brightest stars in science decide to leave. 
Nature finds out where they go. 


BY EWEN CALLAWAY 


hen Soroosh Shambayati left his 
organic-chemistry lab, he didn’t leave 
chemical synthesis behind. Asa chem- 
ist PhD turned investment banker, he 
started working in the derivatives market in 
the 1990s. The transactions involved arrang- 
ing a complex series of trades in a precise 
order, and it reminded him of synthesizing an 
organic compound, reaction by reaction. 
As a graduate student, Shambayati 
had excelled at synthesis, just as he did at 
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everything he turned his hand to. He was 
“other-worldly brilliant’, says his former 
adviser Stuart Schreiber. He juggled three 
distinct projects during his PhD, one in 
organic synthesis, one in theoretical physical 
chemistry and a third in biochemistry and 
immunology. He was also calm, thoughtful 
and well read: his bookshelf spans science 
philosophy, evolutionary biology and physics. 
Schreiber, a biochemist at the Broad Institute 
in Cambridge, Massachusetts, knew that if 
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Shambayati wanted to become an academic 
scientist, he was sure to succeed. “It was very 
clear to me that he was going to become a 
star,’ he says. But Shambayati chose the finan- 
cial world — and excelled there instead: he is 
now chief executive at Guggenheim Invest- 
ment Advisors (Suisse) in Geneva, Switzer- 
land, a firm that manages billions of dollars 
for wealthy families and foundations. 

Shambayati is among the hundreds of 
thousands of scientists who train in academia 
but then leave to follow a different career. 
According to the latest survey of doctorate 
recipients conducted by the US National Sci- 
ence Foundation, nearly one-fifth of employed 
people with science and engineering PhDs 
were no longer working in science in 2010. 
This is partly due to a lack of room at the top. 
In the United States, the number of PhDs 
entering the workforce has skyrocketed but 
the number of stable academic jobs has not. 
In 1973, nearly 90% of US PhDs working in 
academia held full-time faculty positions, 
compared with about 75% in 2010. 

A common perception is that the weaker 
science students are forced out of a competitive 
field, leaving the brightest stars to secure the 
desirable academic positions. But as Shambay- 
ati’s story shows — and as most mentors know 
— this is not the full picture: sometimes the 
scientists who move on are the ones with the 
most promise. Their motivations are diverse: 
some want more money, or more time with 
family; others are lured by opportunities else- 
where. To get a better sense of why talented 
scientists are leaving academia and how their 
training influences their lives, Nature contacted 
group leaders recognized for mentoring and 
asked: “Who was the one who got away?” 


FROM CHEMIST TO CAPITALIST 

Shambayati was born in Iran, attended school 
in Sweden, and then won a scholarship to 
study chemistry and mathematics at a univer- 
sity in Los Angeles. As an undergraduate, he 
was drawn to science for its pursuit of objec- 
tive truth and the opportunity for discovery. A 
PhD was the obvious next step, and he found 
a perfect fit in Schreiber’s lab in the late 1980s. 
“When I met Stuart, it was almost a sense of 
meeting the da Vinci of what I had in my head 
as science,’ Shambayati says. At the time, the 
lab was focused on synthetic organic chem- 
istry, but Schreiber also took risks — such as 
branching into biology — which meant that 
Shambayati could pursue his broad, three- 
pronged PhD. 

The realities of doing science, however, 
soon butted heads with Shambayati’s idyllic 
view of it. He found that chemical synthesis 
was slow and full of setbacks — “a bit like 
banging your head against the wall for long 
periods of time’, he says — and he was put off 
by the political aspects of science, exemplified 
at the time by bickering over who discovered 
HIV. Still, he did not hesitate to apply for 
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Soroosh Shambayati 


faculty jobs at several top universities while 
finishing his PhD, and he received more than 
one offer. 

While in New York for a job interview at 
Columbia University, Shambayati met up 
with a friend in banking, who was shocked to 
learn how little an assistant professor earned. 
He encouraged Shambayati to move into the 
financial world instead. “I said ‘you're nuts,” 
Shambayati remembers. “I know nothing 
about banks or banking. Why would anybody 
want to interview me?” 

But a good salary was tempting to Sham- 
bayati, who felt a deep obligation to support 
his family; his parents had fled Iran after the 
1979 revolution, leaving their house and sav- 
ings behind. Shambayati set up an interview 
with his friend’s bosses at Banker’s Trust, 
which was later bought by Deutsche Bank. 
The investment bank was a leader in deriva- 
tives trading and was looking for quantita- 
tive, analytical thinkers such as Shambayati. 
He accepted a job earning many multiples 
of an academic salary, figuring that he could 
always go back to do a postdoc if things did 
not work out. 

They did. Finance was an eye-opener for 
Shambayati, who worked on chaotic emerg- 
ing markets, losing and making back tens 
of millions of dollars in a day. He found the 
trading floor, surrounded by his colleagues, 
not unlike his chemistry lab, but with “even 
less privacy’, he says. His career progressed 
quickly and he moved on to jobs at Goldman 
Sachs, Citigroup and then Lehman Brothers. 
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(He was there in 2008 when the firm abruptly 
went into bankruptcy, catalysing the global 
economic crisis — an experience he compares 
to “being ina plane crash”) 

Schreiber never questioned Shambayati’s 
decision to leave science. He works hard not 
to presume that his best students will follow in 
his footsteps, he says. And Shambayati cred- 
its some of his success to the influence of his 
former mentor’s approach to science, based 
on calculated risks, hard work and creativity. 
“I don't think 'm the most natural banker or 
financial thinker, but I know that I have a certain 
amount of intellectual ability that I can utilize, if 
I work very hard,” he says. “That was very much 
informed by the way Stuart operates.” 


FROM PHYSICS TO CYBERSPACE 

Sometimes, the decision to leave science is 
partly push, partly pull. That was the case for 
Renata Sarno, who after eight years in theo- 
retical physics ran up against a dearth of aca- 
demic jobs in her native Italy. Then the World 
Wide Web happened. Sarno started an online 
business — one of Italy’s first — that would 
eventually sell for hundreds of millions of 
euros. 

“She was a very brilliant student,” remem- 
bers her supervisor Giorgio Parisi, a theoretical 
physicist at the University of Rome. She could 
comprehend problems posed in theoretical 
physics and then determine how a computer 
might tackle the challenge. Sarno came to Par- 
isi’s lab to finish her undergraduate thesis in 
mathematical physics in 1987, and continued 
to work with him through a PhD and postdoc 
position. She helped to build a supercomputer, 
one of the world’s fastest at the time, then used 
it to model subatomic particles called fermi- 
ons using lattice gauge theory, which divides 
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continuous space-time into series of discrete 
points. She was inspired by Parisi’s diverse 
interests, such as protein folding and neural 
networking, as well as his desire to tackle new 
computational problems in particle physics. 

Anacademic life seemed ideal to Sarno, and 
Parisi thought that she would make an excel- 
lent group leader. But when Sarno’s postdoc 
funding ran out in 1994, she was unable to 
find more money, and there were few job 
opportunities for those starting out in science. 
Women were, and are, exceedingly rare at the 
highest levels of physics in Italy, and she also 
felt that discrimination held her back. 

But there were opportunities opening 
up elsewhere. A year earlier, the European 
particle-physics lab CERN had made the 
World Wide Web public, and Sarno saw a 
chance for people with a background in com- 
puter science. “I found myself without a salary 
and a big road full of possibilities in front of 
me,’ she says. “I decided to take this road” 

With three colleagues and roughly €10,000 
(US$13,000), Sarno launched a series of web- 
sites, including a travel website called Venere 
that was one of the first to offer reservations 
for hotels and others services. The team cre- 
ated tools to allow people to discuss and rate 
hotels, a novelty at the time. Sarno says that 
her research on problem solving and com- 
putation was good preparation for running a 
dot-com business, but she was also inspired 
by Parisi’s tutelage: “My choice to go to the 
Internet was, in some sense, a choice to do 
something that is big from scratch, in a direc- 
tion where nothing exists.” Parisi was sorry to 
see one of his star trainees leave the lab, but 
he is proud of her success. Sarno and her col- 
leagues sold Venere to the online travel com- 
pany Expedia for around €200 million in 2008. 

Sarno has not completely let go of research. 
After selling off Venere, she started a foun- 
dation to support research into blue-cone 
monochromacy, a rare genetic disease that 
runs in her family and which causes vision 
problems and colour blindness. She stays in 
touch with Parisi: when she wanted to know 
how different photoreceptors were arranged 
in the human retina, she sought his help in 
interpreting micrographs, and she is hopeful 
that delivering genes to the retina could help 
to cure the disease. Just like particle physics 
and the Internet, she sees an opportunity in 
gene therapy to solve problems in a new field. 


FROM PHYSIOLOGY TO STAY-AT-HOME DAD 

When Eric Pane started a PhD in physiol- 
ogy, he was already onto his second career 
— or was it his third? He had been teaching 
at a prestigious primary school in Califor- 
nia, which was filled with the offspring of 
ambitious, demanding parents. Meanwhile, 
he was simultaneously working as a waiter, 
tutor and babysitter to make ends meet. The 
heavy workload was wearing him down, and 
he wanted a way out. “I didn’t want to die ina 
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kindergarten classroom ofa heart attack at age 
70, he says. So Pane went back to university to 
study biology. He found that fish physiology, 
in particular, fascinated him for its efforts to 
understand how a complex living organism 
was put together. “I liked the ‘take apart the 
toaster, take apart the fish’ aspect,” he says. 
As Pane read the scientific literature, he 
repeatedly noticed the name of Chris Wood, a 
physiologist at McMaster University in Hamil- 
ton, Canada. Pane contacted him, and asked to 
join his lab. “He was sort of an unusual appli- 
cant; Wood recalls. Most of Wood's graduate 
students arrived just out of their undergrad- 
uate degrees, but Pane was already 31 when he 
joined the lab in 2000 and embarked on a PhD. 
Pane quickly made an impression. He inves- 
tigated the toxic effects of nickel on fish and 
became the lab’s most productive member, 
publishing seven papers as part of his thesis, 
collaborating on another three and winning 
an industry award for his research. “He was 
one of those dream graduate students that 
everybody wishes they had. They come to you 
and generate their own ideas,’ says Wood. “I 
figured this guy was going to become a faculty 
member some day. He was the whole package.” 
With that faculty job in mind, Pane moved 
on to a postdoc studying ocean acidification 
at the Monterey Bay Aquarium Research Insti- 
tute in Moss Landing, California. But when 
it came to the next career move, the rest of 
life had intervened. By then, Pane and his 
wife Michiko had had two boys, Michiko’s 
career as a research-grant administrator was 
flourishing, and they had settled in the San 
Francisco Bay area. While Pane’s colleagues 
were being interviewed for faculty positions 
all over the world, he was limited to local 
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universities so that the family could stay put. 
The time demands and comparatively low pay 
of an assistant professor also weighed heav- 
ily: Michiko worked 60-hour-plus weeks, 
and Pane wanted to be able to pick up his 
boys from school. “I could have gone for it,” 
he says, of the faculty job, “but our children 
would have been raised by wolves and gyp- 
sies at that point.” Pane now teaches two days 
a week at a community college — much of it 
done online. He spends the rest of his time as 
a stay-at-home parent. 

Pane is still envious of the environment 
of productivity and achievement his former 
mentor encouraged, and he tries to build that 
culture in his own classes. He is proud to be 
described as “tough, but fair” on the website 
ratemyprofessor.com. 

Wood was surprised that his former student 
took an alternative career route. “Initially I was 
disappointed. But it’s up to everybody to make 
their own path in life” he says. Wood's reaction 
mirrors those of many group leaders who see 
their star students quit the lab: pleasure that 
he or she has found a life they are happy with, 
tinged with regret that science will not bene- 
fit from the student’s talent. But most of the 
scientists Nature contacted while researching 
this story saw mentoring as more than simply 
grooming a new generation of professors, and 
they recognize that non-academic jobs are a 
good application of scientific training. 

In a paper published in 2012, a team of 
science-policy researchers tried to work out 
why scientists exit academia (B. van Balen 
et al. High. Educ. Policy 25, 313-334; 2012). 
The team, led by Peter van den Besselaar at 
VU University Amsterdam, compared 21 
pairs of Dutch researchers who were of com- 
parable ages and working in similar fields. 
Both were deemed very talented in their early 
careers, yet one left academia and the other 
stayed. The team found few concrete differ- 
ences between stayers and leavers to explain 
their divergent paths; both published simi- 
lar numbers of papers that were cited just as 
highly, for example. But the stayers were more 
likely than the leavers to have had a stimulat- 
ing mentor, support from a partner and good 
job opportunities. When it comes to securing 
an academic job, says van den Besselaar, “it 
may be a question of luck — are you there at 
the right moment and the right place?” 

Nearly a decade out of Wood's lab, Pane still 
misses it — and he wonders every day if he 
made the right choice. “It’s just a fork in the 
road. You've got to go one way or the other, 
and you're always going to regret what the 
other one looked like.” But on this particular 
day, a Friday in early July, there is no time for 
regret because he has got plans with his kids. 
“The blackberries are exploding right now,” 
he says, “so we'll go pick some.” m SEE EDITORIALP.5 


Ewen Callaway is a senior reporter for Nature 
in London. 
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Inthe haze of incomplete data, scientists are divided 
over the risks and benefits of electronic cigarettes. 


BY DANIEL CRESSEY 


n many respects, the modern electronic cigarette is not so 
different from its leaf-and-paper predecessor. Take a drag 
] from the mouthpiece and you get a genuine nicotine fix — 
albeit from a fluid wicked into the chamber of a battery- 
powered atomizer and vaporized by a heating element. Users 
exhale a half-convincing cloud of ‘smoke; and many e-ciga- 
rettes even sport an LED at the tip that glows blue, green or classic red 
to better simulate the experience romanticized by countless writers and 
film-makers. The only things missing are the dozens of cancer-causing 
chemicals found in this digital wonder’s analogue forebears. 
E-cigarettes — also known as personal vaporizers or electronic nic- 
otine-delivery systems among other names — are perhaps the most 
disruptive devices that public-health researchers working on tobacco 
control have ever faced. To some, they promise to snuff out a behaviour 
responsible for around 100 million deaths in the twentieth century. Oth- 
ers fear that they could perpetuate the habit, and undo decades of work. 
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Now, a group once united against a common 
enemy is divided. “These devices have really 
polarized the tobacco-control community,’ 
says Michael Siegel, a physician and tobacco 
researcher at Boston University School of Pub- 
lic Health in Massachusetts. “You now have two completely opposite 
extremes with almost no common ground between them.” 

Evidence is in short supply on both sides. Even when studies do appear, 
they are often furiously debated. And it is not just researchers who are 
attempting to catch up with the products now pouring out of Chinese 
factories: conventional tobacco companies are pushing into the nascent 
industry, and regulators are scrambling to work out what to do. 

Some countries, such as Singapore and Brazil, have banned the prod- 
ucts entirely. The US Food and Drug Administration has proposed 
to bring them under its control alongside tobacco — but the path to 
regulation has been beset by lawsuits and delays. In May, the European 


E-cigarettes are touted 
as a Safe alternative to 
tobacco, but research 

has been inconclusive. 
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Union finalized a major revision to the rules governing tobacco products 
in its member states. These include standards for e-cigarette products 
and restrictions on advertising, but the updated rules will take years to 
come into effect. On 26 August, the World Health Organization (WHO) 
released a report that recommended, among other things, to restrict the 
indoor use of e-cigarettes, to ban certain flavours and to confine sales to 
those who are 18 years and older. The report will be debated at a meeting 
in October to decide how the products are treated under the international 
Framework Convention on Tobacco Control, which commits govern- 
ments to regulating tobacco and trying to reduce its impact on health. 

The open questions include exactly what is in many commer- 
cially available products and what health effects they might have. But 
researchers are also concerned with whether e-cigarette users will give 
up conventional smoking, or simply become ‘dual users. Could e-ciga- 
rettes even act as a gateway, increasing tobacco use? 

Siegel says that it is obvious what data and experiments are needed, 
but it is not guaranteed that anyone will agree about the results. “It's not 
clear to me that science is going to end this,” he says. 


MARKET CONFLAGRATION 

Devices for taking the smoke out of smoking have been around for years, 
but most have failed to gain traction or, like prescription nicotine inhalers, 
are restricted in their use. A Chinese inventor named Hon Lik is widely 
credited for developing the modern e-cigarette, about a decade ago. The 
Shenzhen-based company he worked for, now called Ruyan, commercial- 
ized the invention and has been joined by scores of competitors. 

According toa study’ from the University of California, San Diego, 
there were 288 brands of e-cigarette available online in 2012, many 
with multiple products. By January 2014, there were 466, meaning that 
an average of more than 10 brands had been launched every month. 
Buyers have clearly been snapping them up: from a standing start a few 
years ago, the United Kingdom alone is now estimated to have more 
than 2 million users. 

This explosive growth has blind-sided 
scientists and regulators alike. “I'm per- 
sonally astounded by how quickly the 
market has grown,” says Wilson Comp- 
ton, deputy director of the US National 
Institute on Drug Addiction in Bethesda, 
Maryland. 

Further complicating the picture is the 
remarkably fast evolution of the devices 
themselves. Early models that resem- 
ble cigarettes — ‘cigalikes’ — have been 
joined by customizable vaporizers costing 
hundreds of dollars and sporting every- 
thing from gold plating to software that 
lets users tweak how the devices operate. 

In response, researchers have radically 
scaled up their efforts to provide regula- 
tors with guidance. E-cigarettes promise to drastically reduce the death 
toll from smoking — without depriving users of the nicotine they crave. 
(A phrase often quoted in tobacco-control circles is that people ‘smoke 
for the nicotine but die from the smoke.) 

But on the central question — are e-cigarettes safe? — there are 
many uncertainties. Long-term consumption of nicotine divorced 
from tobacco is thought to be relatively safe for most people, barring 
pregnancy or certain rare conditions. But nicotine is not danger-free. 
There have already been overdoses from people drinking the liquid 
from e-cigarettes, or spilling it on their skin, where it is absorbed. 

Also unknown are the long-term effects of regularly inhaling propylene 
glycol, the chemical that makes up most of the liquid vaporized in e-ciga- 
rettes. This organic molecule is used in scores of commercial applications 
ranging from food to plastics, and it has been shown to be safe to consume 
except at very high levels. Some evidence from the theatre — where it is 
used to create fogs and mists — suggests that it may irritate the respiratory 
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system, but there are no long-term data about the effects of inhalation. 

Many e-cigarettes contain other chemicals added for flavouring, and 
little is known about these. There are also legitimate fears about quality 
standards for the products: toxic contaminants have been found, and in 
avery few cases batteries have exploded, leading to injury. 

Around the world, researchers are now subjecting e-cigarettes to the 
same kinds of tests used to shed light on how conventional cigarettes 
damage human health. Some have found’ genetic changes to human 
bronchial cells grown in vitro in a medium exposed to e-cigarette vapour 
(see Nature 508, 159; 2014). These looked similar to changes induced 
by conventional tobacco smoke. Another study found’ that e-cigarette 
use, like normal cigarette smoking, led to a reduction in exhaled nitric 
oxide, which could be a sign that e-cigarettes alter lung function. But 
this work is early and still inconclusive. 

Those who are positive about the potential benefits of e-cigarettes 
say that although their safety clearly needs to be monitored and further 
investigated, there is simply no way they can be as dangerous as con- 
ventional cigarettes. 

“The key comparison here is to smoking,” says Lynne Dawkins, head 
of the drugs and addictive behaviours research group at the University 
of East London, UK. Dawkins says that the lower risks of e-cigarettes 
and the fact that many users believe they are an acceptable substitute 
for tobacco makes them generally a good thing. (Some of Dawkins’s 
research has been funded by e-cigarette companies.) 


SNUFF IT OUT 

Dawkins and others are optimistic that beyond being a safer substi- 
tute, e-cigarettes could help people to stop smoking. But in many of 
the jurisdictions where they are taking off, e-cigarettes cannot be sold 
as smoking-cessation aids. In the United Kingdom, for example, that 
would require them to be licensed as medicine. The United States also 
bans direct claims about helping people to quit, but some brands cir- 
cumvent this with testimonials from 
users or other implied messages about 
the devices’ benefits. 

So far there is a lot of anecdote but only 
a little hard evidence. One of the few ran- 
domized controlled trials on e-cigarettes 
comes from Christopher Bullen, who 
studies tobacco control at the University 
of Auckland in New Zealand. His study, 
published last year’, found that an early 
e-cigarette model was roughly as effective 
as nicotine patches at helping smokers to 
quit. But critics have cited weaknesses such 
as problems monitoring the actual use of 
devices and differences in how study par- 
ticipants obtained them. Participants may 
have had to go to more effort, for example, 
to obtain patches than to get e-cigarettes. 

In the absence of further controlled trials, researchers have scoured 
the Internet for data and conducted surveys of smokers. Dawkins and 
her team have found’ that many people report using e-cigarettes for 
smoking cessation, and that these users had a longer ‘time to first vape’ 
in the morning than smokers had to their first cigarette, possibly sug- 
gesting reduced dependence on nicotine. 

But opponents of e-cigarettes have their own ammunition. One study 
published this year® followed 949 smokers reporting their habits online, 
and found that the e-cigarette users were no more likely to quit tobacco 
than other smokers. Dawkins and other e-cigarette defenders counter 
that because the devices may appeal to the smokers who are most heavily 
dependent on tobacco, results such as this do not actually shed light on 
the question (see Nature http://doi.org/t3f; 2014). 

One problem with using e-cigarettes for smoking cessation may be 
that at the moment most are probably less effective at delivering nico- 
tine than conventional smoked tobacco, says Peter Hajek, a tobacco 
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researcher at Queen Mary University of London. “I think they need 
about five years, if the regulators don’t kill them, to become as good 
as cigarettes in providing smokers with what they want.” This, he says, 
could ultimately render normal cigarettes obsolete. 

But in many ways, those in favour of stricter controls on the devices 
are worried about giving up any ground in the fight against tobacco. As 
smoking becomes more difficult — for example, through restrictions 
on where smokers can light up — e-cigarettes may be used alongside 
conventional tobacco to maintain nicotine levels. Such dual use could 
undermine efforts to stop smoking entirely. And although dual users 
may consume fewer cigarettes than heavy smokers, which would reduce 
their risk of cancer to some extent, even very low levels of smoking seem 
to elevate risks of cardiovascular problems. 

Those who worry that e-cigarettes will do more harm than good also 
fret that they could make tobacco socially acceptable again. With many 
developed nations implementing heavy restrictions on advertising, as 
well as high taxes and medical warnings, tobacco consumption has been 
massively stigmatized. Now e-cigarettes — which are in many cases 
unregulated — threaten to disturb this status quo. 

One of the opponents’ greatest fears is that e-cigarettes will help to 
attract young people to tobacco. The US Centers for Disease Control 
and Prevention (CDC) in Atlanta, Georgia, has found’ that in 2012, 
around 1.78 million adolescents in the United States had used e-ciga- 
rettes, and that a little less than 10% of those had never previously tried 
conventional cigarettes. 

When those figures were released last year, CDC director Tom 
Frieden — who headed several anti-smoking initiatives in a previous 
role as New York City’s health commissioner — said that “the increased 
use of e-cigarettes by teens is deeply troubling” And he warned: “Many 
teens who start with e-cigarettes may be condemned to struggling with 
a lifelong addiction to nicotine and conventional cigarettes.” 

But teenagers often experiment, and it may be that this is all that 
these data show. Advocates of the devices say that if they were going 
to cause increases in smoking, then smoking rates would already be 
going up, given the number of people using e-cigarettes. This does not 
seem to have happened yet — in developed nations, smoking rates are 
generally decreasing. 


YOUNG AND VULNERABLE 

A contentious paper® on this subject, and one that exemplifies the 
debate, comes from Stanton Glantz, director of the Center for Tobacco 
Control Research and Education at the University of California, San 
Francisco, who has spent years fighting tobacco and the industry that 
produces it. 

In March, Glantz and his colleague Lauren Dutra analysed a survey of 
US adolescents and found that those who used e-cigarettes were more 
likely than others to smoke conventional cigarettes. They wrote that “in 
combination with the observations that e-cigarette users are heavier 
smokers and less likely to have stopped smoking cigarettes, these results 
suggest that e-cigarette use is aggravating rather than ameliorating the 
tobacco epidemic among youths”. 

The paper drew strong criticisms for conflating correlation and cau- 
sation. “These researchers are drawing conclusions that arent justified 
by the data,” says Siegel. Although there is clearly a correlation between 
heavy smoking and e-cigarettes, he says, it is not clear whether e-ciga- 
rettes are leading to smoking, or the other way around. 

Glantz says that much of the ire directed at the paper is the result of 
the word ‘gateway’ being used in a press release, which he was unhappy 
with. He maintains that the data in the paper back the conclusion. 

Overall, Glantz says, “properly regulated and available on 
prescription’, e-cigarettes might be a good thing, but they are currently 
increasing the number of children using nicotine, and promoting 
cigarette-smoking among children. 

Parties on both sides of the debate had been petitioning the WHO 
even before it took its firm stance against the devices in August. In 
a 26 May letter to WHO head Margaret Chan, leading researchers 
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Manufacture of e-cigarettes is booming in China. 


including Dawkins, Bullen and Hajek argued that tough regulation 
would be counterproductive and would serve only to protect the con- 
ventional cigarette market. Harm-reduction approaches, they say, seem 
to have been “overlooked or even purposefully marginalized”. 

Another group of equally eminent scientists — including Glantz — 
fired back in June, saying that there is insufficient evidence to show that 
e-cigarettes are useful for smoking cessation, that there is good evidence 
that they release toxic compounds, and that letting e-cigarettes go largely 
unregulated could once again allow tobacco companies the opportunity 
to influence policy. 

Big tobacco is moving into the market with gusto. Leading US brand 
Blu — which Reynolds American, maker of Camel cigarettes, agreed to 
sell to rival Imperial Tobacco in July — has cornered about half of the 
US market by some estimates. Reynolds has kept hold of the popular 
VUSE brand. Altria, which is famous for the Marlboro cigarette brand, 
has its own MarkTen e-cigarette. 

Jason Hughes, a tobacco researcher and head of the department of 
sociology at the University of Leicester, UK, notes that although e-cig- 
arettes are often seen as something totally new, they may actually be 
just one more in a long line of attempts to make tobacco consumption 
more ‘civilized, from chewing tobacco to cigarettes to cigarettes with 
filters. But they also represent a break point: although the nicotine in 
them is derived from plants, the users are now divorced from tobacco 
leaves completely. 

Determining whether this break is truly a good thing becomes crucial 
when — despite continuous and graphic warnings of the risks of smok- 
ing — millions still put their lives at risk for a nicotine hit. Population 
studies to work out the true effects of this new technology are crucial, 
says Compton. 

There is one thing that all researchers agree on: while they debate, 
e-cigarette use grows and grows. Whatever researchers think, says 
Compton, “The public is clearly voting with their feet.” = 


Daniel Cressey writes for Nature from London. 
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Where is the brain in the 
Human Brain Project? 


Europe’s €1-billion science and technology project needs to clarify its goals 
and establish transparent governance, say Yves Frégnac and Gilles Laurent. 


Brain Project (HBP) was sold by 

charismatic neurobiologist Henry 
Markram as a bold new path towards under- 
standing the brain, treating neurological dis- 
eases and building information technology. 
It is one of two ‘flagship’ proposals funded 
by the European Commission’s Future and 
Emerging Technologies programme (see 
go.nature.com/icotmi). Selected after a 
multiyear competition, the project seemed 
like an exciting opportunity to bring 
together neuroscience and IT to generate 
practical applications for health and medi- 
cine (see go.nature.com/2eocv8). 


| aunched in October 2013, the Human 


Contrary to public assumptions that the 
HBP would generate knowledge about how 
the brain works, the project is turning into 
an expensive database-management project 
with a hunt for new computing architec- 
tures. In recent months, the HBP executive 
board revealed plans to drastically reduce its 
experimental and cognitive neuroscience 
arm, provoking wrath in the European 
neuroscience community. 

The crisis culminated with an open letter 
from neuroscientists (including one of us, 
G.L.) to the European Commission on 7 July 
2014 (see www.neurofuture.eu), which has 
now gathered more than 750 signatures. 


Many signatories are scientists in experi- 
mental and theoretical fields, and the list 
includes former HBP participants. The letter 
incorporates a pledge of non-participation 
in a planned call for ‘partnering projects’ 
that must raise about half of the HBP’s total 
funding. This pledge could seriously lower 
the quality of the project’s final output and 
leave the planned databases empty. 

With the initial funding, or ‘ramp-up, 
phase now in full swing, the European Com- 
mission is currently evaluating the HBP 
directors’ plan for the larger second part of 
the project. This offers an opportunity to 
introduce reforms and reconciliation. > 
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> Here, we offer our analysis of how the 
HBP project strayed off course and how it 
might be steered back. 


THE ROOTS OF CRISIS 

The HBP blends two styles. One comes froma 
history of successful interdisciplinary collabo- 
rations in the European Union in brain- and 
neuron-inspired computation’. The second 
originates from a computational research 
programme, the Blue Brain Project’, initi- 
ated by Markram in 2005 (see ‘Brain activity’). 
This collaboration between the Swiss Federal 
Institute of Technology in Lausanne (EPFL) 
and the IBM computing corporation aimed 
to build large-scale ‘bottom up’ numerical 
simulations of a rat’s neocortical column, a 
set of about 100,000 neurons considered to 
be a functional unit within the brain. 

The crisis results mainly from ambigui- 
ties concerning the place of neuroscience in 
the HBP. From the beginning, neuroscien- 
tists pointed out that large-scale simulations 
make little sense unless constrained by data, 
and used to test precise hypotheses. In fact, 
we lack, among other resources, a detailed 
‘connectome;, a map of connections between 
neurons within and across brain areas’ that 
could guide simulations. There is no unified 
format for building functional databases or 
for annotating data sets that encompass data 
collected under varying conditions. Most 
importantly, there are no formulated biologi- 
cal hypotheses for these simulations to test*. 

Many scientists also feared that the HBP 
would siphon funds from fundamental 
research. The European Commission's invest- 
ment ina large ‘brain project’ would influence 
what other research areas it chooses to fund. 
Nonetheless, such an opportunity seemed 
unlikely to arise again, and neuroscientists 
(ourselves included) joined up, even if they 
did not agree with all aspects of the HBP pro- 
posal or with certain promises used to sell it. 
We put our faith in open and interdisciplinary 
collaboration, trusting that intellectual and 
operational details would take shape gradu- 
ally and collectively. 

Preparation of the HBP flagship document 
(in a pre-project phase funded by the Euro- 
pean Commission) lasted several months and 
took place at the EPFL. Selection criteria for 
flagship proposals included scientific vision, 
societal impact and the size of the scientific 
community involved. We trust that the selec- 
tion of the HBP by the commission rested on 
its focus on the relationship between brain 
structure and function, and on the pro- 
ject’s interdisciplinary approach. More than 
240 labs were initially pegged to participate. 
Official descriptions expressed hopes that 
the project would “gain fundamental insights 
into what it means to be human, develop new 
treatments for brain diseases and build revo- 
lutionary new information and communica- 
tions technologies”. The exploration of the 


BRAIN ACTIVITY 


Timeline of the Human Brain Project. 


2005 fai European Union starts 
funding research merging computing 
architecture and neuroscience. 


NEV). 1) Neurobiologist Henry 


Markram launches the Blue Brain 
Project, led by IBM and the Swiss 
Federal Institute of Technology in 
Lausanne (EPFL). 


PTA US defence 
department launches programme on 
brain-inspired electronic systems. 


“Ue 0) Markram publicizes 


his vision to build the brain in a 
supercomputer. 


“LURE )) The European 


Commission calls for proposals 
for 10-year, €1-billion ‘flagship’ 
interdisciplinary technology projects. 


APRIL 2012 [atigeysy-Tn 


neuroscientists sign on to a proposal 
for a brain project. 


SPU) The Human Brain 
Project (HBP) is selected as a winning 
flagship proposal, along with a project 
on graphene. 


nV }e Au) ) US President Barack 
Obama announces the BRAIN initiative. 


aie The HBP launches, 
coordinated by Markram at the EPFL. 


LV }E 20)! The HBP governance 


announces plans for the project’s 
larger second phase, radically 
reducing the role of experimental 
neuroscience. 


“UA European researchers 


write an open letter (now with about 
750 signatories) to the European 
Commission, decrying shifting goals 
and lack of transparent leadership. 


principles of neural computation through 
animal studies was considered integral. 
Flagship initiatives differ from other Euro- 
pean Commission projects because unusually 
large administrative, scientific and strategic 
leadership responsibilities fall onto few 
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principal investigators. As the HBP prepares 
to move into its second phase, the project's 
executive board has revised its objectives. As 
well as decreasing the emphasis on experi- 
mental neuroscience, it has eliminated non- 
human-primate research, and restricted the 
focus of experimentation mainly to human 
imaging and ‘atlases: These are typically static 
catalogues of gene expression, neuronal coup- 
lings, cell types and other measurements 
across brain structures, but without experi- 
ments to assess function. The board also 
announced plans to dissolve the cognitive- 
neuroscience sub-programme, leading to 
the resignation of that project’s 18 principal 
investigators, including its director. 

Neuroscience in the HBP is now limited 
mainly to simulations and to building a mas- 
sive infrastructure to process mostly existing 
data. The revised plan advances a concept in 
which in silico experimentation becomes a 
“foundational methodology for understand- 
ing the brain”’. Numerical simulations and 
‘big data ° are essential in modern science, but 
they do not alone yield understanding. Build- 
ing a massive database to feed simulations 
without corrective loops between hypotheses 
and experimental tests seems, at best, a waste 
of time and money. The HBP’s goals now look 
like a costly expansion of the Blue Brain Pro- 
ject, without any further evidence that it can 
produce fundamental insights. 


BRAIN WRECK 

Neuroscientists who initially supported the 
HBP feel that they have been taken advan- 
tage of. The organizers attracted well-funded 
neuroscience labs for credibility and, ulti- 
mately, for their data. Now those labs are 
being edged out. 

The changes to the HBP are not only 
disingenuous, they are self-defeating. About 
€430 million (US$570 million) of the Euro- 
pean Commission funding goes to the HBP’s 
‘core team. The remainder of the €1-billion 
budget depends mostly on scientists through- 
out Europe raising partnering funds from 
sources such as regional governments, and 
then being selected by the HBP management 
on the HBP’s terms. Why would people want 
to join the project under such conditions? 

Since problems surfaced, the HBP execu- 
tive board of directors and administrators at 
the EPFL, the coordinating institution, have 
been deflecting rather than addressing criti- 
cism (see go.nature.com/nenowj). Support- 
ers argue that the Human Genome Project 
was also initially criticized by the biological 
community and eventually proved its detrac- 
tors wrong. But the genome project was dif- 
ferent: its goals were well defined, and the 
associated challenges, mostly technological, 
were well posed. These descriptions do not 
apply to the HBP. 

In July, HBP co-executive director Richard 
Frackowiak wrote’ that the project is “a CERN 


SHUTTERSTOCK 


for the brain’, equating the HBP with Europe's 
particle-physics laboratory near Geneva, 
Switzerland. But CERN is a cooperative 
structure built around large, shared instru- 
ments, designed to collect experimental data 
and test carefully constructed hypotheses. 
This, again, does not apply to the HBP. 

Public grants of even a few tens of thou- 
sands of euros are typically subject to rigid 
oversight. Science projects of the HBP’s mag- 
nitude and complexity are typically handled 
by agencies (such as the European Space 
Agency or CERN) with existing infrastruc- 
ture and managerial experience. Why, then, 
did the commission grant nearly all of the 
design, management and decision power of 
a huge European pub- “ 
lic project to one aca- We cannot 
demic institutionand feel assured 
three principalinves- that the HBP 
tigators, two ofwhom is managed 
are faculty members cost- 
at the institution? The effectively. sed 
other flagship project, 
which focuses on graphene and has generated 
little controversy, opted for a distributed and 
transparent governance that includes all sub- 
project leaders on an executive board. 

The tight schedule imposed to prepare the 
second phase of the HBP, compared with the 
several years taken to develop the proposal, 
has also exacerbated problems. How can a 
single group coordinate tens or hundreds of 
labs and sub-projects in such a short time, 
without tried-and-tested structures that facili- 
tate the task and maintain trust? 

Given the sizeable fraction of the HBP’s 
core budget devoted to administration, we 
cannot feel assured that the HBP is man- 
aged cost-effectively or adapted for research 
operations across Europe. We are concerned 
that not all internal partners have read or 
had access to the 180-page draft of the next 
partnership agreement, and few seem aware 
of plans for a private, Swiss-operated foun- 
dation charged with exploiting commercial 
opportunities that emerge from the HBP. 


WHERE DO WE GO FROM HERE? 

We see three possible routes forward. All 
require transparent discussion of the pro- 
ject’s goals and profound changes in govern- 
ance and oversight. 

One option would be to explicitly elimi- 
nate neuroscience from the HBP. This solu- 
tion would annihilate the enormous efforts 
of many HBP partners (neuroscientists and 
clinicians), and redirect this flagship towards 
purely technological objectives. Finding a 
new name would be a small price to pay. 

A second option would be to split the 
technology and neuroscience sections of the 
HBP. This would group all IT components of 
the HBP together and create of a new, inde- 
pendent entity to fund collaborative neuro- 
science to decipher brain function. 


The third option is to attempt to put the 
HBP back on track. This road is probably 
the most challenging. It would require re- 
establishing the HBP’s experimental-neuro- 
science component with real funding avenues 
for biological and hybrid projects combin- 
ing theory and experiment, under funding, 
review, award and administration conditions 
acceptable to the science community. Radical 
action would be required to revive trust and 
enthusiasm in an exceptional collective effort 
to address an enormously exciting challenge. 
Reunification might even be possible with 
major theoretical neuroscience institutes — 
the Gatsby Computational Neuroscience Unit 
in London, the Bernstein Centers in Germany, 
the Ecole Normale Supérieure in Paris and the 
Edmond & Lily Safra Center for Brain Sci- 
ences in Jerusalem — at present largely hos- 
tile to the HBP. A Europe-wide committee of 
scientists should be established to organize 
neuroscience funding in Europe and work 
with funders to institute borderless, collabo- 
rative, curiosity-driven, interdisciplinary, 
peer-reviewed science. Issues concerning the 
partnership programme need to be addressed: 
notably the management and exploitation of 
data obtained through other funding sources. 

The irony of this episode is that the HBP, 
by giving the impression of exceptional 
investment from the European Union in 
brain research, spurred the creation of com- 
peting, well-funded neuroscience initiatives 
in the United States (which focuses on tech- 
niques development’) and in China (which 
focuses on brain disease’). Now it is not at 
all clear that Europe has invested in brain 
science through the HBP. m 
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The Landsat 8 satellite launched in February 2013 (artist’s impression). 


Make Earth observations 
open access 


Freely available satellite imagery will improve science and environmental- 
monitoring products, say Michael A. Wulder and Nicholas C. Coops. 


( } hanges in land cover affect the global 
climate by absorbing and reflect- 
ing solar radiation, and by altering 

fluxes of heat, water vapour, carbon dioxide 

and other trace gases. Detailed assessments 

— regional, global, daily and seasonal — of 

land use and land cover are needed to moni- 

tor biodiversity loss and ecosystem dynam- 
ics and to aid in reducing emissions from 
deforestation and forest degradation’. 

Satellite imagery is the best source of such 
data, especially over large areas. Observations 
need to be extensive, regular and consistent 
to establish baselines and trends. But today, 
most satellite observations have limited 
coverage and compatibility, because they 
are controlled by the diverse objectives of 
national space programmes. In many cases, 
satellite data are restricted or charged for. 

A new era of open-access satellite data 
has arrived. In 2008, the US Geological Sur- 
vey (USGS) released for free to the public 
its Landsat archive, which dates back to the 
1970s and is the world’s largest collection of 
Earth imagery’. Greater computing power 


is also enabling scientists to manipulate 
big data representing larger areas and with 
greater sophistication, to produce multi- 
billion-pixel composite maps of land cover 
and change across regions, continents and 
the globe. Monitoring land-cover change in 
near-real time is now a reality. 

Obstacles remain. Data coverage in the 
Landsat archive is variable, in both space 
and time (see ‘Global coverage’). And few 
people have enough computing power and 
bandwidth to download and manipulate the 
data. Decision-makers remain largely una- 
ware of the vastly improved opportunities 
for environmental monitoring offered by the 
latest methods, and so are not yet using such 
data to their full potential. 

Scientists and policy-makers can support 
the shift to open-access satellite data, and 
coordinate efforts to deliver the detailed 
global monitoring required by international 
climate change and emissions-reduction 
programmes. Further, governments should 
open up their national satellite image 
archives and integrate compatible data to 
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fill gaps. And satellite imagery from future 
missions should be freely accessible to all to 
promote innovation and use. 

Landsat is the longest-running civilian 
Earth-observing programme. The United 
States launched the first satellite in 1972, when 
public interest in space missions was high. 
In 1982, Landsat 4 began to deliver more- 
detailed imagery (with a spatial resolution 
of 30 metres, now considered a benchmark 
for historical analyses) and spectral chan- 
nels at visible, near- and shortwave-infrared 
wavelengths, to track the unique signatures in 
reflected light of different types of vegetation. 

The latest in the unbroken series of 
Landsat satellites is Landsat 8, launched in 
2013, which measures Earth’s surface with 
a resolution of 15-100 metres from visible 
to infrared wavelengths. Landsat data were 
archived from the outset, but early observ- 
ing strategies and limitations to on-satellite 
storage and downlink capacity resulted in 
uneven global coverage. 

Access policies have changed over the 
years. In the 1980s, Landsat observations 


NASA 


SOURCE: ROY/KOVALSKY Y/SDSU 
NEMANI/VOTAVA/NASA AMES 


were commercialized. Fewer images were 
acquired and prices rose, reaching thousands 
of dollars each’ and curtailing use. When 
Landsat 7 was launched in 1999, it collected 
images across the globe more systematically. 
Redistribution of purchased images became 
permissible, and users formed consortia to 
bulk buy and share raw images and products. 

Usage rocketed in 2008, when Landsat 
made its images free. More than a million 
images were downloaded in the first year, 
compared with a previous annual high of 
about 25,000 images sold. More than 20 mil- 
lion images have been downloaded since 
the archive opened and the rate continues to 
increase. 


DATA REVOLUTION 

The mass of satellite data is fuelling a revolu- 
tion in processing and analysis techniques. 
Cloud cover, the bane of optical remote 
sensing, can be overcome by building com- 
posite images. Over a period, clean pixels are 
selected, avoiding the requirement that entire 
images be clear. This approach is transform- 
ing continental and global-scale monitoring*. 

Cycles of disturbance and growth can also 
be captured by tracing clean pixels through 
time. Landscape changes after a fire can be 
checked against expectations for vegetation 
recovery, for instance. And logical sequences 
— such as transitions from young forest to 
old — can be included with greater confi- 
dence in models and projections. 

Advances in visualization and distributed 
cloud computing are also changing the game. 
For example, the powerful parallel processing 
facilities of the NASA Earth Exchange® and 
the Google Earth Engine can handle large 
volumes of geospatial and remotely sensed 
data. Such central facilities allow users to 
bring algorithms to the large data sets while 
minimizing duplication of storage and pro- 
cessing efforts. Developing regions such as 
Africa, which lack computing power and 
infrastructure’, can also benefit from such 
shared platforms if they have the partner- 
ships and bandwidth to access them. 

When the archive was opened, there were 
more Landsat images outside it than in it. 
Many images were retained by the global 
network of receiving stations. An effort 
to consolidate these has added more than 
3 million images to the repository since 
2010; agreements are in place for a further 
2 million to be ingested. 

Future coverage should be much better. 
Landsat 8 can collect more than 700 images 
per day — 14 times as much as in the 1980s. 
In April 2015, it should be joined by the first 
European Sentinel-2 satellite, which will map 
Earth’s land area every 10 days. A second Sen- 
tinel-2 satellite is scheduled to be launched 
two years later. The three satellites together 
will image global land area twice a week. 

Sentinel-2 also has a free and open data 


GLOBAL COVERAGE 


More than 120,000 Landsat images taken from December 2009 to November 2010 cover most of Earth’s surface. 
On average, each 185 x 185-kilometre frame is imaged 21 times per year. But, irregular data receiving and uploads 
to the archive have resulted in patchy coverage. Current and future satellites will map the land more evenly. 


Number of observations 
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policy, although at present the data will be 
publicly available for only four months after 
collection. This strategy would limit access 
to wide timespans of data and could result 
in incomplete repositories and multiple ver- 
sions of data with different calibrations. 


INTERNATIONAL STRATEGY 
Governments and the remote-sensing com- 
munity should now seize the opportunity to 
develop a unified strategy for land monitoring. 
First, as much historical imagery as pos- 
sible should be deposited in the Landsat 
archive or an equivalent open repository. 
Leading Earth-observation nations’ whose 
satellites have sensors that complement 
Landsat should explore opportunities to 
add their data to the global pool. Second, the 
Earth-observing community and govern- 
ments should com- 


“Landsat 8 mit to making future 
can collect satellite programmes 
more than 700 open access when- 
images per ever possible. We urge 
day —14times the European Space 
as muchas in Agency to consider 
the 1980s” ways to widen access 


to Sentinel-2’s images. 
Alternative delivery mechanisms, such as a 
third-party archive and distribution site, 
could make data available to a broader array 
of users, allowing the intended science ben- 
efits to be reached. 

Earth-observation projects need to become 
more like meteorological programmes, with 
standard imaging specifications and inter- 
nationally agreed complementary satellite 
launches to ensure continuous coverage. The 
costs and difficulties in integrating national 
programmes for international benefit are 
significant. The benefits of open access dem- 
onstrated by the Landsat programme justify 
and encourage these efforts. We urge the 
Committee on Earth Observation Satellites 
interagency forum to continue facilitating 


communication between space agencies, 
commercial entities and scientific and opera- 
tional data users towards establishing a more 
unified programme. 

The remote-sensing community must 
advocate the development and maintenance 
of data archives and innovative process- 
ing methods. Best-practice approaches and 
standards can be developed by the Group 
on Earth Observations, a voluntary partner- 
ship between governments and international 
organizations to promote global collaboration 
around Earth observations, and offshoots 
such as the Global Forest Observation Initia- 
tive. To facilitate the use of data from differ- 
ing sensors, scientists and data distribution 
centres should offer users calibrated data in 
widely compatible, analysis-ready formats. 

Finally, researchers, policy-makers, non- 
governmental organizations and land man- 
agers need to use and promote more widely 
the capacity of the satellite archives for cap- 
turing and characterizing past and present 
changes in land cover and land use. = 


Michael A. Wulder is a senior research 
scientist at the Canadian Forest Service, 
Natural Resources Canada, Victoria, 
Canada. Nicholas C. Coops is professor 
of remote sensing at the Faculty of Forest 
Resources Management, University of 
British Columbia, Vancouver, Canada. 
e-mail: mike.wulder@nrcan-rncan.gc.ca 
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| COMMENT | BOOKS & ARTS 


DEVELOPMENTAL BIOLOGY 


Splitting the sexes 


Virginia Valian ponders a study on biology, evolution and gender differences in humans. 


amounts of testoster- 
one in the womb. In 
girls, one consequence 
is a superior ability to 
rotate 3D images, but 
boys show reduced 
ability. Although that 
supports the likeli- 


epending on where you buy it, this 
D= title is either Why Can't a 
Woman Be More Like a Man? (United 
Kingdom), or Why Can’t a Man Be More Like 
a Woman? (United States). In my view, both 
titles suggest the retort: each can be. 
Lewis Wolpert, a developmental biologist, 
surveys evidence for historical, neural, hor- 


monal, emotional, cognitive, linguistic and hood that spatial dif- 

health differences and similarities between ferences in unaffected Why Can’ta 
men and women in an attempt to shed males and females are Woman Be More 
light on their consequences. That is a lot of mediated byhormones, Like a Man? 
ground to cover in 224 pages — a bit like The they are not dictated eae 
Reduced Shakespeare Company’s 80-minute by them — train- 59)4 : 


The Complete Works of William Shakespeare 
(Abridged). In the 22-page chapter on sex and 
reproduction, for instance, Wolpert reviews 
sexual activity and arousal, choice of sexual 
partners, cross-cultural differences in mat- 
ing, sexual orientation and transsexuality. 
The ten-page chapter on sex discrimination 
takes us from Herodotus to women's under- 
representation in maths and science. Nuance 
is inevitably lost, as is an organizing principle. 
One can learn a lot from Wolpert about 
biological sex differences, but the book 
never overcomes one difficulty. The very 
data that Wolpert presents — such as the 
minimal differences between men and 
women in skills, cognition and language 
— undermine his thesis that brain and hor- 
monal differences are major contributors to 
disparities in professional success. 
Wolpert notes, for instance, that few of 
the purported differences between male 
and female brains, such as the extent of 
grey and white matter, seem linked to dif- 
ferences in male and female behaviour. 
Despite such statements, and a heavy 
use of conditionals such as ‘may’ and 
‘might, Wolpert still expresses views 
that are at best over simplified and at 
worst cartoonish. For example, he 


ing can eliminate the 
difference. 

To clarify the paucity of cognitive differ- 
ences, Wolpert introduces a helpful perspec- 
tive from the developmental psychologist 
Uta Frith: equivalent behaviours need not 
require the same neural mechanism. 
(Adding and subtracting, after all, can be 
accomplished by calculators with differ- 
ent mechanisms.) In a similar vein, neuro- 
endocrinologist Geert De Vries and others 
have conjectured that neural and hormonal 
sex differences can interact to eliminate or 
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In his chapter on skills, Wolpert 
notes that one of the few robust sex differ- 
ences in cognition is the superior ability of 
males, on average, to mentally rotate three- 
dimensional (3D) images. This is linked to 
hormones. But behavioural effects of hor- 
monal differences are not straightforward, 
despite thorough documentation of male 
and female hormones and investigations of 
children with congenital adrenal hyperpla- 
sia who have been exposed to atypically high 
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create behavioural differences. There is a 
fascinating question here about the relation 
between brain, hormones and behaviour, 
which would have produced a richer book 
had Wolpert pursued it. 

With respect to women’s maths abili- 
ties and under-representation in science, 
Wolpert offers a grab-bag of facts with little 
interpretation. He also fails to consider the 
implications of the social and political fac- 
tors inherent in transnational differences, 
such as China having a much higher per- 
centage of women in engineering than the 
United States. Instead, and despite mixed 
evidence, Wolpert proposes that empathy 
“marks a fundamental difference” between 
the sexes and suggests that as a reason for 
men’s dominance in science. 

Empathy, however, is a complex state 
involving both cognitive components such 
as the ability to recognize others’ emotional 
states, and emotional components such as 
the ability to share the emotions involved in 
those states. Women report greater feelings 
of empathy than men do, but that may reveal 
little, because both sexes know that women 
are expected to be more empathetic. In 
well-controlled studies, sex differences are 
sparse. Some research finds, for example, 
that whereas men and women self-report 
differently, both show equivalent increases 
in pupil dilation when viewing images of 

people being hurt deliberately as opposed 
to unintentionally. 

In his conclusion, Wolpert tries to 
account for “the almost universal sub- 
jection of women by men’, speculating 
that along with factors such as size dif- 
ferences, pregnancy and breastfeed- 
ing, “empathy possibly makes women 

more willing to do what men request”. 
Although it is qualified, that last state- 
ment comes uncomfortably close to 
painting women as the unprotest- 
ing victims of selfish men. By see- 
ing sex differences in empathy as 
close to immutable, Wolpert relegates 
women to suboptimal professional lives and 
men to suboptimal parenting. What keeps 
the sexes from being more alike has more 
to do with social structure and beliefs about 
gender differences than with bare biology. m 
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Virginia Valian is a distinguished professor 
at Hunter College in New York City and the 
City University of New York Graduate Center. 
e-mail: virginia. valian@hunter.cuny.edu 
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Energy: social fixes 
are on the up 


Already governments, 
environmental agencies, non- 
governmental organizations 
and businesses are on the way 
to meeting Benjamin Sovacool’s 
call for energy research to be 
more socially oriented (Nature 
511, 529-530; 2014). The annual 
Behavior, Energy and Climate 
Change Conference, this year 

to be held in December, reviews 
their achievements and ongoing 
research activities. 

Examples of social energy 
practices include smartphone 
apps that allow remote control 
of domestic thermostats and can 
even track carbon emissions. 
The US Energy Star programme 
and the Leadership in Energy 
and Environmental Design 
rating systems ensure that 
buildings are energy-efficient and 
environmentally sound. Other 
energy-efficiency initiatives 
include Japan's Top Runner and 
the UK Energy Saving Trust. 

The US company Opower, 
which serves 32 million 
households and businesses, 
enables consumers to compare 
their energy usage. Car 
manufacturers, with help from 
researchers at the University of 
California, Davis, are studying 
drivers’ behaviour with a view to 
creating a display that indicates 
how to cut fuel consumption. 
And US start-up companies 
such as Zipcar, Uber and Lyft are 
changing consumer relationships 
with their vehicles by enabling 
car sharing. 

Developing countries are also 
on the front line of new business 
models for clean and sustainable 
energy. The ‘en lighter’ initiative, 
led by the Global Environment 
Facility, the United Nations 
Environment Program and 
industry partners, is accelerating 
conversion to energy-efficient 
lighting. In India, the think tank 
TERI (The Energy and Resources 
Institute) is leading efforts to 
provide solar lighting for poor 
communities and tackling gender 
issues that might prevent it from 


being widely accepted. And in 
Africa, mobile-phone payment 
systems are making it easier for 
kerosene consumers to switch to 
solar energy. 

David E. Rodgers, Dustin S. 
Schinn The Global Environment 
Facility, Washington DC, USA. 
dschinn@thegef.org 


Energy: we need all 
hands on deck 


A more interdisciplinary 
approach will advance our 
understanding of energy issues 
(see also B. K. Sovacool Nature 
511, 529-530; 2014). 

In considering how to 
improve energy efficiency using 
a particular technology, for 
example, an engineering-only 
analysis would seek to optimize 
technical efficiency, whereas an 
engineering-economic analysis 
would aim to make it more cost- 
effective. But an interdisciplinary 
analysis would take in wider 
considerations. For example, 
convenience to consumers and 
the attributes of organizations 
promoting the technology can 
affect adoption rates by a factor 
of ten when financial incentives 
are comparable (P. C. Stern 
Energy Res. Soc. Sci. 1, 41-48; 
2014). 

Psychologist Kurt Lewin 
remarked that “there is nothing 
so practical as a good theory” 
(Field Theory in Social Science 
Harper, 1951). I suggest that 
nothing advances theory 
better than tackling a practical 
problem by integrating different 
perspectives. 

Paul C. Stern National Research 
Council, Washington DC, USA. 
pstern@nas.edu 


Energy: humanities 
frame the aims 


Social scientists offer more 
than just information for 
producing a best fit between 
energy technologies and 

social circumstances (B. K. 
Sovacool Nature 511, 529-530; 


2014). By eliciting different 
social framings of energy 
systems and technologies, they 
help to determine points of 
commonality and disagreement 
about the sort of Earth we want 
to inhabit. 

The humanities are concerned 
with profound questions about 
justice, fairness, responsibility 
and care. Such questions can no 
longer be regarded as external to 
the design of energy devices and 
systems because they are central 
to the entire social and technical 
fabric of modern society (see, for 
example, N. Castree et al. Nature 
Clim. Change 4, 763-768; 2014). 
Noel Castree University of 
Wollongong, Australia; and 
University of Manchester, UK. 
ncastree@uow.edu.au 


Better monitoring of 
fish in dam projects 


Inadequate ecological 
monitoring before and after 
removal of dams in the 
northwestern United States 
is hampering evaluation of 
the success of dozens of these 
projects (see Nature 511, 
521-523; 2014). 

A primary purpose of dam 
removal in the region has 
been to revive populations of 
endangered migrating salmonid 
fish by restoring natural river 
functions. Populations are being 
monitored after demolition of 
the 38-metre Condit dam and 
64-metre and 33-metre Elwha 
dams, but these are exceptions. 

Using fish ladders, salmonids 
were able to ascend the Marmot 
and Hemlock dams you mention 
and move into the upper river. 
But to gauge the ecological 
impact of such dam removals, 
it is necessary to have baseline 
data on fish passage from before 
the structure was destroyed. In 
most other cases, these data are 
not available, thwarting future 
assessments. 

Long-term ecological 
evaluation and monitoring 
must be built into dam-removal 
projects. Otherwise, millions of 


dollars will continue to be spent 
with no evidence that the desired 
outcome is being achieved. 

Peter Brewitt, Karen D. Holl 
University of California, Santa 
Cruz, USA. 

pbrewitt@ucsc.edu 


Seals collect more 
Southern Ocean data 


Marine mammals equipped with 
recording devices can help to 
overcome the practical challenges 
of collecting year-round physical 
data in the Southern Ocean (see 
M.C. Kennicutt II et al. Nature 
512, 23-25; 2014). 

Data collection using satellite 
remote sensing or surface 
research vessels, for instance, 
is limited to the short summer 
period for access to high latitudes 
or to the northerly margins of 
winter sea ice. 

By contrast, small 
oceanographic sensors worn by 
seals can provide high-resolution 
oceanographic profiles from 
Antarctica throughout the winter 
(see, for example, FE. Roquet et al. 
Scientific Data, in the press). The 
data can be used to study and 
map ocean fronts and to monitor 
the annual formation and growth 
rate of sea ice (J.-B. Charrassin 
et al. Proc. Natl Acad. Sci. USA 
105, 11634-11639; 2008). 

Data derived using seals can 
help us to predict rapid changes 
and their effects in the Southern 
Ocean. This would give the 
global community time to 
develop adaptation policies. 
Clive R. McMahon Sydney 
Institute of Marine Science, New 
South Wales, Australia. 

Robert Harcourt Macquarie 
University, Sydney, Australia. 
clive. mcmahon@utas.edu.au 
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OBITUARY 


Yoshiki Sasai 


(1962-2014) 


Stem-cell biologist who decoded signals in embryos. 


ow does a fertilized egg — a single 
H cell — produce the myriad special- 

ized cells that assemble into three- 
dimensional tissues and functioning 
organs? This fundamental secret has capti- 
vated generations of embryologists. Using 
creative culture conditions and unmatched 
insight into the action of biological signals 
that govern tissue development, Yoshiki 
Sasai found ways to mimic these 
mysterious processes in the labora- 
tory. He leaves a legacy of remark- 
able discoveries that expand the 
frontiers of stem-cell research and 
tissue regeneration. 

Yoshiki struck me as a happy 
scientist. He spoke softly and with a 
unique smile as he described Japanese 
traditions or revealed his astonishing 
findings. My first experience of his 
pride and passion came during a long 
walk on Japan’s Rokko Mountain in 
2008. We looked over the splendour 
of Kobe and the reclaimed island 
where his institute, the RIKEN Center 
for Developmental Biology, lay. The 
sight brought that smile to his face. As 
he taught me the art of ninja walking, 
recounted the local thousand-year- 
old methods used to make sake, and 
dissected the etiquette of Japanese 
bathing, he explained some of his 
incredible scientific discoveries. 

Sasai was a master at deciphering the 
code by which cells learn their place in a 
developing embryo. He tested this code 
on cultures of embryonic stem (ES) cells 
derived from early-stage embryos, and 
instructed these unspecialized cells into 
becoming specific types of neuron. He 
made nerve cells found in different parts 
of the forebrain by varying concentrations 
of morphogens, molecules that guide the 
patterning of tissues. Sasai’s laboratory 
developed the first methods to make inhibi- 
tory interneurons, which hold promise for 
brain repair. He also discovered a simple set 
of cues to make the brain’s hypothalamic 
neurons and pituitary cells, important for 
several bodily functions. 

Sasai instructed both mouse and human 
ES cells to become cortical neurons, the 
type that expanded markedly during the 
evolution of the human brain. Remarkably, 
his ES-cell-derived cortical cells assembled 
into floating, three-dimensional orga- 
noids similar to the embryonic organ from 


which the brain's cerebral cortex arises. By 
carefully adding growth factors, he coaxed 
the organoids into forming the front or the 
back of the cortex. These advances provide 
powerful tools for understanding healthy 
and aberrant human brain development. 
The methods that he developed may one 
day be used to make replacement cells to 
treat currently uncurable diseases. 


Sasai amazed the stem-cell community 
with time-lapse videos showing human 
and mouse ES cells turning into optic 
vesicles, the precursors of eyes. He dem- 
onstrated that these go on to form an 
optic cup and all the major cell types in 
the retina. Sasai’s laboratory inferred the 
basic principles of how eyes form from self- 
directed cell assembly, gaining insights into 
a process that is difficult to monitor and 
manipulate in developing animals. When 
I visited his laboratory in February, Sasai 
shared recent work indicating how these 
optic cups acquired polarity, in which 
individual cells take on different proper- 
ties according to their position in a larger 
structure. This trait is crucial for neural 
connectivity and vision. 

Sasai’s work deriving cortical, visual and 
pituitary tissues demonstrated that com- 
plex, highly organized structures could be 
made from isolated human ES cells. The 
work broke new ground in understand- 
ing tissue and organ formation, model- 
ling disease and advancing regenerative 
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medicine. He thought that it could be 
pushed even further, thinking of ways to 
generate multiple brain structures in vitro 
that could become interconnected. 

Sasai obtained his MD in 1986 and his 
PhD in 1993 from Kyoto University, where 
he trained as a molecular biologist in the 
laboratory of neuroscientist Shigetada 
Nakanishi. He then went to the Univer- 
sity of California, Los Angeles, and 
worked with embryologist Edward 
De Robertis to discover chordin, 
one of the key early inducers in 
the formation of the nervous sys- 
tem. In 1996, Sasai moved back to 
Kyoto University, where he began 
his extraordinary work mimicking 
embryonic development in a dish. 
He moved to RIKEN in 2000. 

Given the pride that Yoshiki felt for 
the work he was doing in his home 
country, his enjoyment of and devo- 
tion to good science, his family, and 
life in general, I was shocked to learn 
that on 5 August my admired col- 
league and dear friend had taken his 
own life. Clearly, his mental state took 
avery heavy blow from the onslaught 
of media attention and the months of 
allegations surrounding two Nature 
papers published in January from the 
laboratory of Haruko Obokata, on 
the generation of stimulus-triggered acqui- 
sition of pluripotency (STAP). Laboratories 
around the world were unable to reproduce 
the findings, and after serious problems 
were found with the studies, the papers were 
retracted in July. Although the work was not 
a direct product of his laboratory, Sasai was 
a co-author of the papers. In June, he wrote 
to me expressing his deep concerns about 
the worsening STAP situation in Japan. 

Yoshiki’s career was full of insights that 
prompted the unique smile that we will 
greatly miss. I hope that his realized and 
unrealized ideas inspire the next genera- 
tions of scientists to follow his solid legacy 
of research. It is a true tragedy that the scien- 
tific community is left without this forward 
thinker. m 


Arturo Alvarez-Buylla is professor of 
neurological surgery at the University 
of California, San Francisco, USA. He 
collaborated with Yoshiki Sasai between 
2008 and 2014. 

e-mail: abuylla@stemcell.ucsf.edu 


COURTESY OF ARTURO ALVAREZ-BUYLLA 


NEWS & VIEWS 


GEODYNAMICS 


How plumes help to break plates 


Computer models show how hot material that rises from Earth’s interior is affected by plate tectonics, producing 
unexpected irregularities in Earth’s topography and assisting in the break-up of continental plates. SEE LETTER P.85 


SUSANNE BUITER 


igh mountains and deep 
valleys are eye-catching 
features of our continents. 


Such differences in surface eleva- 
tion are the result of the converg- 
ing and diverging motions of the 
tectonic plates that form Earth’s 
strong outer layer — the lithosphere. 
Superimposed on this landscape is 
low topography over wide regions 
that is generated by slow movement 
in Earth’s interior. How do these 
two processes interact to shape the 
ground beneath our feet? On page 85 
of this issue, Burov and Gerya’ 
demonstrate how plate tectonics 
turns symmetric deep mantle flows 
into irregular surface topography, 
thereby touching on the debate over 
what drives the break-up of conti- 
nental plates. 

Earth’s mantle, which underlies 
the tectonic plates, moves slowly, 
rather like a liquid being warmed 
up. Earth’s heat comes from the heat 
left over from processes that formed 
the planet and from the radioactive 
decay of elements such as uranium. 
Rising upward through this slowly 
circulating matter are columns of 
warm, buoyant material — mantle 
plumes — that effectively transport 
heat from great depths to the sur- 
face*’. These plumes are probably 
the source of large lava outpourings, such as 
those found in Siberia and India, that may have 
caused mass species extinctions in the past”. 
But unambiguous detection of mantle plumes 
has so far been difficult°. This is especially so 
for the detection of their deeper parts, which 
can be imaged only indirectly. 

Furthermore, the effect of mantle plumes 
on Earth’s surface is far from simple. Plumes 
are thought to have a symmetric shape that 
would generate a circular surface uplift once 
they impinge on the lithospheric plate. The 
Hawaiian plume, however, shows that the 
situation may be more complicated: horizontal 
plate motion, a possibly tilted plume conduit, 
small-scale convection in the upper mantle, 


Figure 1 | Topography and bathymetry of the Afar region. Large 
amounts of volcanic rock erupted across Ethiopia and Yemen about 

30 million years ago. These form the Afar Large Igneous Province and are 
usually thought to derive from the Afar mantle plume that underlies the 
region. Slightly before and after the volcanic event, rifting began in the Red 
Sea, Gulf of Aden and Ethiopia. Currently, plates in these rifts move away 
from each other by about 0.5 to 1.6 centimetres per year'! (blue arrows). It 
is unclear whether this continental rifting caused the volcanism or whether 
the Afar plume helped the rifts to form. Burov and Gerya’s computer 
model’ could favour the latter possibility, in which continental rifting was 
localized above the Afar mantle plume. Land is shown in brown-green, 
and areas below sea level in blue. (Map made with GPlates software’’ using 
topographic and bathymetric data from the US National Geophysical Data 
Center’; outline of the Afar Large Igneous Province after ref. 14.) 


and heterogeneities in the overlying plate 
all combine to destroy the expected surface 
symmetry”. 

The topography generated by mantle flow 
occurs over wide areas, but with low magni- 
tudes — up to hundreds of metres of surface 
elevation over distances of hundreds to thou- 
sands of kilometres. Locally, this signal is easily 
overwhelmed by the larger surface displace- 
ments generated by tectonic processes such 
as mountain building. Topography caused by 
mantle flow is therefore usually determined by 
filtering Earth’s topography from the effects of 
density variations caused by plate tectonics. 
But Burov and Gerya present three-dimen- 
sional (3D) computer models showing that 
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Earth’s topography cannot always 
be separated into deep and shallow 
contributors when plate-mantle 
interactions come into play. This 
is particularly so for continen- 
tal plates, which are thicker than 
oceanic plates and characterized 
by a horizontal layering of alter- 
nating strong and weak materials. 
Earlier 2D computer experiments® 
showed that the continental litho- 
sphere above a plume head can 
develop drip-like instabilities. 
Deformation along the weak 
layers inside the lithosphere may 
lead to alternating small-scale 
uplift and subsidence patterns, 
instead of a single, dome-shaped 
surface uplift. Using high-resolu- 
tion models of plume-lithosphere 
interaction, Burov and Gerya 
demonstrate that this also holds 
for 3D models. 

These models combining 
mantle flow with deformation of 
tectonic plates imply that the con- 
tributions from plate tectonics or 
mantle flow no longer need to be 
considered individually. Instead, 
combined 3D models predict a 
surface topography that can be 
directly compared with observa- 
tions. Nonetheless, such com- 
parisons may be difficult, because 
Burov and Gerya’s results show 
that continental topography above 
mantle plumes not only varies in space and 
time, but also can be asymmetric. It therefore 
becomes a challenge to identify surface uplift 
related to mantle plumes unambiguously, 
or even to use such surface observations to 
constrain properties of Earth’s interior, such 
as viscosity. 

Plume-lithosphere interaction models such 
as those of Burov and Gerya may contribute 
to the debate over a chicken-and-egg question 
in Earth science: can mantle plumes cause so 
much uplift and deformation in a continent 
that it breaks and creates a new ocean? Or 
do continents rift apart under stresses that 
are generated by tectonic-plate motions, and 
does the break-up process cause the upwelling 


of warm mantle from which the ocean crust 
is formed? As is often the case, the answer is 
probably a bit of both. 

Continental break-up and the eruption 
of large amounts of magma are often closely 
related’. For example, the opening of the cen- 
tral Atlantic Ocean occurred shortly after the 
formation of the Central Atlantic Magmatic 
Province (about 200 million years ago), and 
magmatism and rifting in the Afar region 
of northeastern Africa are closely related in 
space and time (Fig. 1). In other places, how- 
ever, continental break-up occurred without 
much magma, for example in the break-up 
between Iberia and Newfoundland. The fact 
that the processes occur at the same time 
does not favour one scenario over the other. 
It is here that Burov and Gerya’s models offer 
new insight. The authors show that slow con- 
tinental extension might not lead to break-up 
when continents do not contain heterogenei- 
ties inherited from earlier deformations, such 
as faults or changes in rock strength. But ifa 
plume impinges on a continent that is already 
undergoing slow extension, it may localize 
deformation and help the plate to break up. The 
mantle plume alone does not cause continental 
break-up, but it could be the deciding factor. 

Such a picture of plume-assisted rifting 
might apply to the separation of Norway and 
Greenland about 54 million years ago. Here, 
rifting events over a few hundred million years 
led to break-up only shortly after the North 
Atlantic Igneous Province formed. It would 
be interesting to see if a plume that is offset 
from a developing rift could lead to “upside- 
down drainage” flows’’, in which plume 
material moves upward along the base of the 
plate towards the rift area. This would consid- 
erably increase the likelihood of plume-rift 
interactions. m 
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EVOLUTIONARY DEVELOPMENTAL BIOLOGY 


Dynasty of the 


plastic fish 


NEWS & VIEWS | RESEARCH | 


Ambitious experimental and morphological studies of a modern fish show how 


developmental flexibility may have helped early ‘fishapods’ to make the transition 


from finned aquatic animals to tetrapods that walk on land. SEE ARTICLE P.54 


JOHN HUTCHINSON 


apoleon Bonaparte’s military excur- 
Ne into Egypt in 1798-99 led a 

young French naturalist, Etienne 
Geoffroy Saint-Hilaire, to cross paths with a 
strange fish that had paired lungs and could 
‘walk on land on its stubby, lobe-like fins. In 
1802, he dubbed this fish “Polyptére bichir”', 
today known as the Nile bichir (Polypterus 
bichir). The bichir’s melange of primi- 
tive and advanced traits helped to establish 
Geoffroy as a leading anatomist, embry- 
ologist and early evolutionary-development 
researcher of repute even today~. Now, on 
page 54 of this issue, Standen et al.’ focus 
on Polypterus in their own excursion under 
the ‘evo-devo’ flag that Geoffroy helped to 
raise. The authors suggest that the remark- 
able plasticity of the skeleton of Polypterus 
senegalus (the smaller West African rela- 
tive of P. bichir) reveals a key part of the 
mechanism that might have facilitated the 
gradual transition of limbed vertebrates from 
water to land. 

Ina bold experiment, Standen and colleagues 
reared a group of bichirs on land for eight 
months and compared them with bichirs 
that had developed in their normal aquatic 
environment (Fig. 1). They then studied 
how the fish from the two groups moved on 
land, and how the shape of the skeletal ele- 
ments of their paired front fin bases differed. 
They found that, compared with water-raised 
bichirs, the land-acclimated fish took faster 
steps, their fins ‘slipped’ across the substrate 
less frequently, they held their fins closer to 
their bodies, their noses stayed more aloft and 
their tails undulated less, with less-variable 
motions overall. These were behaviours that 
the authors had predicted should develop to 
enhance walking abilities on land. 

Furthermore, the bones of the neck and 
shoulder region in the land-reared fish had 
altered in shape to produce a more mobile 
fin base with greater independence of motion 
between the fin and the neck, along with 
improved bracing of the ventral ‘collarbone’ 
region. These environmentally induced traits 
probably fostered the locomotor changes 
observed in the land-reared fish and helped the 
animals to resist gravity, thereby representing 
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Figure 1 | Walk this way. The typical walking 
sequence of Polypterus bichir on land. a, The fish 
plants its left fin while its right fin swings forward; 
b, c, the head and tail turn towards the left fin; 

d, finally, the right fin is planted on the ground as 
the left is raised. 


ANTOINE MORIN 
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a common biological phenomenon termed 
developmental plasticity*’. Surprisingly, the 
land-reared fish could swim just about as well 
as the aquatic cohort, so there was no clear 
trade-off between being a good swimmer and 
a good walker. 

Considered alone, the developmental 
plasticity of bichir form and function shows 
how impressive these amphibious fish are. 
But Standen and colleagues ventured further, 
to apply the lessons learned from bichir onto- 
geny to a phylogenetic context and a macro- 
evolutionary question. 

The authors infer that the plasticity of bichir 
development could have been harnessed dur- 
ing the evolutionary transformation of fins 
used for swimming into limbs used for walk- 
ing, in the ‘fishapod’ ancestors of tetrapods 
(four-limbed vertebrates). Indeed, bichirs are 
close to the base of the family tree of fishes®, 
and other living relatives of tetrapods have 
reduced or no fins (for example, lungfishes), 
or are adapted to strange deep-sea swimming 
lifestyles, never walking on land (coelacanths). 
Therefore, perhaps bichirs and the fishapod 
lineage share what Geoffroy called ‘unity of 
type; today termed homology, with regard to 
their developmental plasticity in response to a 
land environment. Surveying the fossil record 
of early fishapods and tetrapods, Standen et al. 
found that the macroevolutionary changes of 
neck and shoulder anatomy in these gradually 
land-adapted animals parallel changes that 
they observed in ‘terrestrialized’ Polypterus, 
providing support for this hypothesis. 

Further testing of the relevance of 
Polypterus’s plasticity to tetrapod evolution 
is, of course, difficult. However, the fisha- 
pod lineage has some exceptional examples 
of fossil preservation, and a rigorous indirect 
test of this hypothesis might be possible if 
there are sufficient sample sizes (for exam- 
ple, from fossil beds that reveal specimens at 
different developmental stages, such as the 
Late Devonian Miguasha site in Canada’) 
and palaeoenvironmental gradients in fish or 
tetrapod habitats. Even small samples could 
be helpful. For example, the early tetrapod 
Ichthyostega exhibited some developmental 
changes in its forelimb suggesting that indi- 
viduals became more terrestrial as they grew, 
whereas the related Acanthostega did not 
show such changes’, hinting at developmental 
plasticity in the former animal. 

Might it be that, during the Devonian period 
(around 360 million to 420 million years ago), 
the fishapod ancestors of tetrapods were 
intermittently floundering about on land, 
gradually shifting from anatomy and behav- 
iours that were more developmentally plastic 
(as in bichirs) to ones that were more canalized 
into the forms and functions of land-adapted 
tetrapods? We dont know, but Standen and 
colleagues suggest that the developmental 
plasticity could have led to fixation (reduc- 
tion of plasticity). This is an example of a 


proposed evolutionary phenomenon called 
genetic assimilation — a concept promoted by 
Conrad Hal Waddington, an intellectual 
descendant of Geoffroy, from the 1950s 
onwards’. There is some empirical support 
for this idea”, and the findings in bichirs may 
eventually add to it. 

The nature of the genetic and develop- 
mental mechanisms by which bichirs achieve 
developmental plasticity is unclear. If the 
plasticity is sufficiently heritable, then it 
might be selected for in multi-generational 
experiments, such that (with enough time 
and luck raising these unusual fish) we could 
directly test the hypothesis that the animals’ 
plastic response to a terrestrial environment 
can become genetically assimilated. Such a 
study could thus become an exemplar of how 
genetic assimilation can contribute not only to 
microevolutionary change, but also to macro- 
evolutionary events, as has been previously 
suggested’. 

Geoffroy would probably have applauded 
Standen and colleagues’ study of develop- 
mental plasticity, all the more for involving 
his beloved bichirs. Much as Napoleon's land- 
fall in Egypt was nota lasting success, bichirs 
never produced wholly terrestrial descendants, 
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despite their malleable locomotor system. But 
the same type of plastic developmental mecha- 
nism that bichirs use today to make tentative, 
floppy incursions of the terrestrial realm might 
have been harnessed by our own fishapod 
forebears, leaving a much more revolutionary 
dynasty on Earth. m 


John Hutchinson is in the Structure 

and Motion Laboratory, Department of 
Comparative Biomedical Sciences, Royal 
Veterinary College, Hatfield AL9 7TA, UK. 
e-mail: jhutchinson@rve.ac.uk 


1. Geoffroy, E. Ann. Mus. Hist. Nat. 1, 57-68 (1802). 
2. Le Guyader, H. Geoffroy Saint-Hilaire: A Visionary 
Naturalist (transl. Grene, M.) (Univ. Chicago Press, 
2004). 
3. Standen, E. M., Du, T. Y. & Larsson, H. C. E. Nature 
513, 54-58 (2014). 
4. West-Eberhard, M. J. Annu. Rev. Ecol. Syst. 20, 
249-278 (1989). 
5. Pigliucci, M., Murren, C. J. & Schlichting, C. D. J. Exp. 
Biol. 209, 2362-2367 (2006). 
. Near, T. J. et a/. Evolution 68, 1014-1026 (2014). 
. Cloutier, R. Geosci. Can. 40, 149-163 (2013). 
. Callier, V., Clack, J. A. & Ahlberg, P. E. Science 324, 
364-367 (2009). 
9. Waddington, C. H. Evolution 7, 118-126 (1953). 
10.Crispo, E. Evolution 61, 2469-2479 (2007). 


COND 


This article was published online on 27 August 2014. 


A guardian angel of 
cell integrity 


The finding that RIPK1, an integral protein in cell-death pathways, also functions 
to preserve the body’s epithelial-cell barriers challenges the idea that cell death 
and survival are regulated by distinct factors. SEE LETTERS P.90 & P.95 


FRANCIS KA-MING CHAN 


T he saying, “while you do not know life, 
how can you know death?”, from the 
great Chinese philosopher Confucius, 
encapsulates the human desire to understand 
matters of life and death. Beyond philosophi- 
cal curiosity, at the cellular level the balance 
between life and death is essential for health. 
Mutations in genes that regulate cell death have 
been found to cause human diseases ranging 
from inflammation and autoimmunity to 
cancer. Normally, cell-death genes have dedi- 
cated roles in either cell survival or cell death. 
Butin this issue, two groups'” show that recep- 
tor interacting protein kinase 1 (RIPK1), a 
factor known to promote cell death, has a para- 
doxical function in supporting the survival of 
the epithelial cells that line our body’s cavities 
and skin surfaces. 

Since the discovery of RIPK1 almost 20 years 
ago’, the proposed function of the protein 
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has alternated between that of a cell-death 
promoter and a cell-death inhibitor. Much of 
what we know about RIPK1 biology comes 
from studies of its activation by the tumour- 
necrosis factor (TNF) receptor, a cell-surface 
protein that, when bound by TNF molecules, 
contributes to inflammation, cell differentia- 
tion and cell death. Genetically modified mice 
that lack RIPK1 die shortly after birth*®, and 
this was thought to be due to failure to stimu- 
late NF-«B, a cellular factor that turns on the 
expression of survival genes. Consistent with 
this idea, extensive cell death and inflamma- 
tion in multiple tissues occur in these RIPK1- 
deficient mice. 

But, in contrast to this survival function, 
RIPK1 also binds to and activates FADD 
and caspase 8 — two members of a protein 
complex that triggers a form of cell death 
called apoptosis’. To complicate matters fur- 
ther, RIPK1 can also partner with its cousin 
RIPK3 to induce an inflammatory form of cell 


a_ Kinase function 


Apoptosis 


Necroptosis 


b_ Scaffolding function 


Cell death averted 


Figure 1 | Regulation of survival and death by RIPK1. a, The protein RIPK1 drives cell death through 
apoptosis, by activating the FADD-caspase-8 protein complex, and through necroptosis, which involves 
interaction between phosphorylated forms of RIPK1] and its partner protein RIPK3. These death- 
inducing activities of RIPK1 require the protein's activity as a kinase enzyme. b, But RIPK1 can also 
promote cell survival. Dannappel et al.' and Takahashi et al.” show that, in epithelial cells in the gut, this 
occurs independently of the protein’s kinase activity and involves maintaining the activity and levels of 
the proteins TRAF2, cIAP1 and cFLIP — possibly through a ‘scaffolding’ process in which RIPK1 shields 
these proteins from degradation. This function may involve the NF-«B signalling pathway, but also seems 


able to act by an NF-«B-independent mechanism. 


death termed necroptosis*®. These apparently 
conflicting functions of RIPK1 have puzzled 
researchers for years, and we are still struggling 
to join the dots on how RIPK1 deficiency leads 
to perinatal lethality. 

To try to fill this gap, Dannappel et al.' and 
Takahashi et al.’ generated mice lacking RIPK1 
specifically in the intestinal epithelium. These 
mice survived longer after birth than mice 
with whole-body deficiency of RIPK1, but 
they developed severe inflammatory bowel 
disease within the first few weeks of life and 
died as a result. This colitis was largely due to 
the heightened sensitivity of the mice to TNF. 
Histological examination revealed that the 
intestinal epithelial cells in these animals had 
undergone extensive apoptosis. 

In contrast to previous reports”, the activ- 
ity of the survival factor NF-«B was not sig- 
nificantly affected in the RIPK1-deficient cells. 
Hence, the sensitivity of these cells to death was 
nota result of impaired NF-«B. Previous work 
had shown'"”” that the function of RIPK1 as a 
kinase enzyme is essential for cell death by apo- 
ptosis and necroptosis, but not for its stimu- 
lation of NF-«B. However, both Dannappel 
et al. and Takahashi et al. found that the kinase 
function of RIPK1 is also not responsible for 
the severe colitis, because mice engineered to 
express a kinase-inactive version of RIPK1 
developed normally and showed no abnormal- 
ities. Nonetheless, the severe colitis was fully 
reversed when FADD-caspase-8-mediated 
apoptosis and RIPK3-dependent necroptosis 
were both inactivated. These results indicate 
that a yet-to-be defined, kinase-independ- 
ent function of RIPK1 is responsible for 
protecting intestinal cells from injury. 


9,10 


Dannappel and colleagues also found that 
deletion of RIPK1 only in the skin epidermis 
led to psoriasis-like inflammation. However, 
unlike in the intestine, blocking necrop- 
tosis alone was sufficient to prevent this skin 
inflammation. Inhibition of FADD-caspase-8- 
mediated apoptosis and RIPK3-dependent 
necroptosis has also previously been found 
to prevent the perinatal lethality of mice with 
whole-body RIPK1] deficiency**. Together, 
these results indicate that RIPK1 promotes 
cell survival by inhibiting apoptosis and necro- 
ptosis and, hence, that the protein has the 
enigmatic role of both a promoter and an 
inhibitor of cell death (Fig. 1). 

How does RIPK1 orchestrate these diametri- 
cally opposing signals? Both groups found 
that, on TNF stimulation, RIPK1-deficient 
cells lost expression of the proteins cIAP1, 
TRAF2 and cFLIP — proteins that switch 
on the pro-survival factor NF-«B. Moreover, 
active NF-«B can further increase the levels 
of these factors. Thus, RIPK1 may protect 
cells by preserving the integrity of survival 
proteins such as cIAP1, TRAF2 and cFLIP. 
In this regard, it is noteworthy that these pro- 
teins are regulated by ubiquitination, a process 
that often tags proteins for degradation by a 
macromolecular structure called the protea- 
some. Because the kinase function of RIPK1 is 
not required for cell survival, it is possible that 
RIPK1 forms a protective ‘scaffold that shields 
the survival proteins from ubiquitination 
and proteasomal degradation. Alternatively, 
RIPK1 may directly inhibit FADD -caspase-8- 
mediated apoptosis and RIPK3-dependent 
necroptosis. 

Regardless of the molecular mechanism 
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50 Years Ago 


‘Interferometric Raman spectroscopy 
using infra-red excitation — Many 
pure substances and industrial 
intermediates are strongly coloured 
and their Raman spectra cannot 

be recorded using ultra-violet 

and visible lines, but nearly all 
compounds have a region of 
transparency in the near infra-red ... 
Our sample tube used with the laser 
[has] plain glass windows at each end 
so that the exciting radiation passes 
through the sample and directly into 
the interferometer. The laser is pulsed 
and the photomultiplier voltage 
pulses are ‘gated’ to remove the 
noise between pulses. The output is 
recorded digitally ... and spectra are 
obtained by Fourier transformation 
ina digital computer ... Using this 
apparatus we have observed the 
Raman spectrum of iodine dissolved 
in carbon tetrachloride at a molar 
ratio of 1:1,000 ... The possibilities 
of Raman measurements with near 
infra-red exciting lines have thus 
been demonstrated. 

From Nature 5 September 1964 


100 Years Ago 


“The type-reading optophone’ 

— Any instrument designed for 
translating optical into acoustic 
effects, or light into sound, and thus 
to some extent substituting the ear 
for the eye, may be appropriately 
termed an “optophone’ ... The latest 
of these ... is designed with the object 
of enabling blind persons to “read” 
ordinary letterpress by means of the 
ear ... An optical system throws the 
image of a glowing Nernst filament 
upon the printed paper, laid face 
downwards on a suitably perforated 
desk. This image is broken up into a 
series of ... luminous dots, flashing 
with different musical frequencies, 
by means ofa rotating siren disc... 
It has been found possible to obtain 
a “readable” sound from type of the 
ordinary newspaper size. 

From Nature 3 September 1914 
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involved, it is peculiar that, in RIPK1-deficient 
mice, embryonic development is normal and 
cell injury and inflammation manifest them- 
selves only at birth. What might be the physi- 
ological cue that triggers these events after 
birth? Newborns encounter many changes in 
their environment, including altered oxygen 
levels, exposure to ambient light and coloni- 
zation of the intestine by commensal bacteria. 
This bacterial colonization can strongly influ- 
ence the development of immunity”. Surpris- 
ingly, although Takahashi et al. showed that 
antibiotic treatment to eliminate commen- 
sal bacteria protected RIPK1-deficient mice 
from lethal colitis, Dannappel et al. found that 
colitis still developed in antibiotic-treated 
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mice and in germ-free mice. The reason 
behind these discrepant observations is not 
known. Moreover, although TNF contributes 
significantly to the colitis in RIPK1-deficient 
mice, it is not the only driver of the disease. 
It now remains for biologists to take up the 
gauntlet to decipher these puzzles and to 
identify the physiological cues and mecha- 
nisms that trigger RIPK1-dependent survival 
responses. 
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Edit the genome 
to understand it 


Genome editing followed by sequencing has now been used to engineer and analyse 
every variation of several stretches of human DNA in living cells, providing 
insight into the function of each constituent nucleotide molecule. SEE LETTER P.120 


FYODOR D. URNOV 


ou were shaped by both nature and 

Y nurture, by your DNA and your envi- 

ronment. How do the differences in 

your genome, compared with those of other 

people, affect who you are? In this issue, 

Findlay et al.' (page 120) put a combination 

of human-genome editing” and in-depth gene 

sequencing to brilliant use, and bring us one 

large step closer to a general answer to this 
monumental question. 
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Understanding our genes is a challenge. 
Human DNA is around 6.5 billion base pairs 
long — as many letters as there are in more 
than 5,000 copies of James Joyce’s Ulysses — 
and differences in the DNA of any two people 
occur approximately every 1,000 base pairs. 
Although some of these differences have a 
large impact (for example, preventing certain 
adults from drinking milk), most have either 
a minor effect (such as making one person 
0.5 centimetres taller than another) or none at 
all. DNA can be read quickly and inexpensively 
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Figure 1 | The search for meaning. Findlay et al.' changed every nucleotide molecule ina short stretch of 
DNA, and then analysed the resulting mutant cells to determine which changes were beneficial and which 
harmful. This can be compared to generating and then reading a set of sentences in which one letter is 
changed each time (such as these, based on a poem by T. S. Eliot). Some changes alter the meaning (in DNA, 
this might affect what the protein encoded by the gene does), some are innocuous, and some make the 
sentence nonsensical (in which case, the RNA transcribed from the gene may be destroyed). This informs 
us about the meaning and role of words that comprise the sentence, or of nucleotides in a DNA sequence. 
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with today’s technology, but understanding 
what any changes mean can be even harder 
than reading certain passages by Joyce: some 
genetic text might as well be written in Elvish. 
At the next level up, and with some noteworthy 
exceptions, we have little understanding of 
which parts of the proteins and RNA mol- 
ecules encoded by genes matter to the cell and 
the organism, and which do not. 

This seems a simple enough problem to 
solve. To discover whether variations in a 
gene matter, alter them and see what happens. 
However, this experiment has long proved 
challenging, because our cells have evolved 
to protect their DNA from such change on 
demand. The solution is gene editing’, the 
first step of which is to cut DNA inside the 
living cell. This was initially achieved using an 
engineered enzyme called a zinc-finger 
nuclease’, and more recently, two other types 
of enzyme — TALENs’ and CRISPR-associated 
enzymes’ — have also been co-opted for this 
purpose. Cells can repair DNA breaks by either 
joining the two ends back together or patching 
up the break using genetic information from a 
different DNA molecule that has an identical 
or similar sequence. In one form of human- 
gene editing’, this second pathway is sub- 
verted, by having the cell repair the break using 
a new piece of DNA that contains a desired 
mutation. 

Findlay et al. built on this latter approach 
to address a fundamental question: which 
parts of a gene are actually useful? First, they 
focused on a gene whose function is vital for 
cell survival, DBR1, engineering a stretch of 
75 nucleotides such that every possible single- 
nucleotide mutation was made individually. 
Genome editing has previously been used 
to create a small set of desired changes in a 
mammalian gene’, or to edit multiple genes 
in the same pathway*”, but never before has 
every change possible been made (until now, 
experiments of such scale were achievable only 
in budding yeast'’). The result is a group of 
cells that each carry a different DNA sequence, 
much like a set of sentences that each differ by 
one typographical error (Fig. 1). 


To determine which changes are beneficial 
to the cell and which detrimental, Findlay 
and colleagues used deep sequencing, which 
reads every copy of every gene in every cell 
of a population. Immediately after editing, 
the cells are a kaleidoscope of genetic diver- 
sity. Edited cells account for only 1-3% of the 
total cell population (lower than seen in other 
studies’), but this is not a real problem because 
deep sequencing can identify even very rare 
DNA sequences. 

After a few days, a stark change occurs. 
Many new sequences disappear or dimin- 
ish in number. This is survival of the fittest 
at the cellular level. The authors found that 
cells unlucky enough to acquire a change in 
a nucleotide needed for gene function died 
immediately, but cells that had more-benign 
errors lived on. This experiment provides 
a remarkable functional map of this bit of 
genetic text — we know whether each and 
every position makes a useful contribution to 
the working of the whole protein. 

Some genetic changes do not affect what a 
protein does, but rather how messenger RNA 
molecules are put together such that sections 
that do not specify the sequence of a protein 
are removed (a process known as splicing). 
Findlay and co-workers investigated how DNA 
sequence affects splicing in BRCA 1, mutations 
in which cause breast cancer, in some cases 
because of improper splicing. 

The authors generated almost every possible 
sequence in a 6-base-pair stretch of BRCA1, 
and investigated which sequences helped the 
gene to be copied into normal RNA, and which 
prevented it. They took this remarkable group 
of 4,048 different kinds of cell, growing side by 
side in the same Petri dish, and measured how 
often each sequence occurred in BRCA1 DNA 
and the corresponding RNA. Some sequences 
were never found in RNA, giving an insight 
into which genetic signals control how RNA 
acquires its fully functional form. 

Findlay and colleagues have provided a way 
to find meaning in the text of human DNA, by 
systematically analysing each nucleotide in a 
gene in its normal setting in the chromosome. 
All you need is a robust way to edit your region 
of interest*° anda method to assay the cellular 
consequences of editing. The word ‘randon’ 
often has negative connotations in science, but 
not in this instance. Making random changes 
in a gene and letting nature take its course is 
enormously informative. For instance, a major 
challenge for women who carry a mutation in 
BRCA1 is to determine the risk of contract- 
ing cancer for their specific mutation. Find- 
lay and co-workers’ approach can be used 
to address this problem and to determine 
which specific BRCA1 mutations are the most 
worrisome. 

More generally, the juxtaposition of gnome 
editing and deep-sequencing technologies will, 
without doubt, provide a basis for progress in 
our quest to understand how our DNA makes 


us who we are. The authors’ work provides an 
excellent case in point to support the words 
of geneticist Sydney Brenner'': “Progress 
in science results from new technologies, 
new discoveries and new ideas, probably in 


that order? = 
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Meet the Laniakea 


supercluster 


An analysis of a three-dimensional map of galaxies and their velocities reveals 
the hitherto unknown edges of the large system of galaxies in which we 
live — dubbed the Laniakea supercluster. SEE LETTER P.71 


ELMO TEMPEL 


ne of the greatest advances in cosmol- 
C) ogy has been the discovery of how 

matter and light are organized on 
scales larger than those of galaxies’*. How- 
ever, despite tremendous effort, astronomers 
have been unable to map in detail the large- 
scale cosmic structure in which the Milky Way 
resides. Now, on page 71 of this issue, Tully 
et al.’ report an analysis of data from a vast 


\/ Laniakea 
{ 


Shapley 


catalogue of galaxies that has allowed them to 
do just that. 

The large-scale structure of the Universe is 
an intricate network of clusters, filaments and 
superclusters of galaxies, together with cosmic 
voids that are almost empty of galaxies. Super- 
clusters are extended regions containing a large 
number of galaxies, but this concept is rather 
vague; researchers lack a robust, quantitative 
definition for them. Tully and colleagues have 
found a neat way of identifying the edges of 


Perseus-Pisces 


Figure 1 | The edges of our home supercluster of galaxies. The image shows a slice through the 
Laniakea supercluster and adjacent Shapley and Perseus—Pisces superclusters, as identified by Tully and 
colleagues’. Areas of high galaxy density are shown in red and cosmic voids in dark blue. The Milky Way 
galaxy lies essentially in a plane parallel to the slice in the centre of the figure. Velocity streams along 
which galaxies move within our supercluster are shown in white, with other velocity streams in dark blue. 
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superclusters by examining the motions of 
galaxies. In doing so, they have detected the 
boundaries of our home supercluster, which 
they have called the Laniakea supercluster. 
Their paper is supplemented by a beautiful 
movie (http://irfu.cea.fr/laniakea) that shows 
our supercluster and its dynamical connection 
to other neighbouring large-scale systems. 
The movie is essential for comprehending the 
complexity of cosmic structures. 

Mapping the large-scale structure of the 
nearby region of the Universe is important for 
several reasons. First, it reveals details of the 
large-scale cosmic structures that surround the 
Milky Way. These details are nearly impossi- 
ble to observe for systems far away from Earth. 
Second, the morphology of the nearby Uni- 
verse is essential for a precise determination 
of cosmological parameters such as the density 
of dark energy’, which is thought to drive the 
acceleration of the expanding Universe. Third, 
examination of cosmic structures around the 
Milky Way will help us to understand how 
the Galaxy formed and evolved’, and galaxy- 
formation processes in general. 

Tully and colleagues’ study is based on data 
from the Cosmicflows-2 galaxy catalogue’. 
The authors combined existing measure- 
ments of the velocities at which galaxies recede 
from Earth — which are mainly caused by the 
cosmic expansion and provide an indirect 
estimate of how far away they are — with 
direct galaxy distance measurements from 
the Cosmicflows-2 data set. This enabled 
them to derive the ‘peculiar velocities’ of the 
galaxies, that is, their true velocity relative to 
a rest frame. The peculiar velocity is obtained 
by subtracting the contribution of the cosmic 
expansion, which is determined using the 
direct distance measurement, from the reces- 
sion velocity. 

Direct distance measurements of galaxies 
are extremely difficult to perform, and the lack 
of such data has limited this kind of analysis in 
the past. However, the use of peculiar velocities 
can provide information about cosmic struc- 
tures that is otherwise hard to obtain. And in 
the present case, it allowed the extent, structure 
and dynamics of Earth’s supercluster, as well 
as those of other nearby superclusters, to be 
determined. We can only imagine what other 
details and structures might be uncovered if 
additional direct-distance measurements of 
galaxies are carried out. 

A noteworthy aspect of Tully and colleagues’ 
study is the use of Wiener filtering’ — a nifty 
algorithm that translates an incomplete map of 
peculiar velocities of galaxies into a complete 
map of the underlying distribution (density 
field) and dynamics (velocity flow field) of 
matter (Fig. 1). It is this technique that allowed 
the authors to come up with a quantitative 
definition ofa supercluster. According to their 
definition, a supercluster is a ‘basin of attrac- 
tio in the velocity flow field. In other words, 
the boundaries of a supercluster are defined 


by the places at which the velocity flow field 
points in different directions on either side of 
the boundary. This is the first clear definition 
of a supercluster. The downside of it is that it 
requires dynamical information that is avail- 
able only for the nearby Universe. 

Tully et al. find several basins of attraction in 
our corner of the Universe, including Laniakea 
and the previously known Perseus—Pisces and 
Shapley superclusters. Laniakea has a diameter 
of 160 million parsecs (520 million light years), 
and is much bigger than already identified 
superclusters in our local neighbourhood. 
However, it is smaller than the largest super- 
clusters that have been found in the more dis- 
tant Universe’. It is a surprise that Laniakea was 
not spotted in previous astronomical surveys. It 
seems that measurements of the peculiar velo- 
cities of galaxies are essential for identifying the 
boundaries of some superclusters. 

Of course, these results do not mark the 
end of mapping the Universe. Although Tully 
et al. used the best galaxy catalogue available, 
these data do not extend far enough in cosmic 
space to explain the motion of our Galaxy with 
respect to the rest frame of the cosmic micro- 
wave background — relic radiation from the 
Big Bang. The Universe must be mapped ona 
much bigger scale than that achieved here to 
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fully understand what processes affected the 
formation of cosmic structures in our local 
Universe. This is a challenging task, but one 
that is worthwhile and that we must hope will 
be tackled using future surveys. 

Finally, I praise the choice of the name 
Laniakea for Earth’s supercluster. It is taken 
from the Hawaiian words lani, which means 
heaven, and akea, which means spacious 
or immeasurable. That is just the name one 
would expect for the whopping system that 
we live in. m 
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How fluorescent RNA 


gets its slow 


Fluorescent tags are proving invaluable for tracking RNA molecules in cells. Two 
sets of crystal structures for one such tag — an RNA motif that fluoresces when 
bound to a dye — will aid the development of even better markers. 


WILLIAM G. SCOTT 


reen fluorescent protein is widely 

used as a visualization marker for 

biological molecules, and has revo- 
lutionized microscopic imaging in biological 
systems — a fact celebrated by the award of 
the 2008 Nobel Prize in Chemistry’. Engi- 
neered fluorescent RNAs are potentially 
equally useful, and a green fluorescent RNA 
motif’ called Spinach has been developed for 
this purpose. Uncovering the structural basis 
for how fluorescent RNAs work is crucial to 
realizing their full potential as experimental 
tools. Two sets of crystal structures of Spinach 
— one reported by Huang et al.’ in Nature 
Chemical Biology, and the other by Warner 
et al.‘ in Nature Structural and Molecular Biol- 
ogy — now provide a deeper understanding 
of how it fluoresces, and should enable the 
design of improved labels for visualizing 
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individual RNA molecules in cells. 

Fluorescence occurs when light shone on a 
molecule is absorbed, exciting the molecule, 
and is then re-emitted. The energy of the emit- 
ted light is lower than that absorbed, so a mol- 
ecule excited by invisible ultraviolet light, for 
example, may fluoresce as highly visible green 
light. Because the fluorescent light is emitted 
in every direction, it can be measured at 90° 
from the direction of the light used to excite 
the molecule. Taken together, these effects 
can produce a highly sensitive signal with 
little background noise, potentially allow- 
ing the detection of just one or a very few 
molecules in a cell. 

Proteins are not normally fluorescent. 
Green fluorescent protein (GFP), however, is 
an unusual enzyme that catalyses the chemical 
rearrangement of some of its own amino-acid 
side chains, creating an embedded molecule 
— known as a fluorophore — that absorbs 


Base triple 


Guanine 
nucleotide 


Fluorophore 


G-quadruplexes 


Figure 1 | Spinach sandwich. Two studies” report crystal structures depicting how the ‘Spinach RNA 
motif binds its fluorophore — the dye molecule that fluoresces only when bound to Spinach. The structures 
reveal that the fluorophore binds tightly between a base triple (a structure formed from three nucleotide 
bases) and two stacked G-quadruplexes (each quadruplex is a coplanar duo of unusual RNA G-G base 
pairs; G is the nucleic-acid base guanine). The positioning and orientation of the fluorophore are further 
mediated by a coplanar guanine nucleotide. Broken lines indicate hydrogen bonding. In the fluorophore, 
oxygen atoms are shown in red, nitrogens in blue, fluorines in cyan and carbons in green. The figure was 
produced from coordinates for Huang and colleagues’ structure’, using PyMOL software (version 1.7.0.3). 


ultraviolet light and fluoresces as bright 
green light. 

Numerous complex cellular processes are 
controlled and orchestrated by RNA mol- 
ecules, rather than by proteins. A particularly 
noteworthy example is RNA interference, in 
which small RNAs regulate, interfere with or 
inhibit gene expression. Furthermore, genes 
are expressed through the intermediate action 
of messenger RNA, which may be compart- 
mentalized in a cell. The ability to tag and track 
the intracellular movement of any RNA by 
means of fluorescent molecules would there- 
fore be of obvious use to biologists. 

Unfortunately, nature has not provided a 
potential RNA tool analogous to GFP. Instead, 
using a process called in vitro directed evolu- 
tion, biologists can identify RNA motifs that 
bind to small fluorescent molecules; these mol- 
ecules are chemically similar to the fluorescent 
component of GFP and have similar fluores- 
cent properties. Spinach is the most useful of 
such motifs, and can be fused to many RNAs 
of interest. 

Spinach binds with high affinity to a syn- 
thetic dye molecule that resembles GFP’s 
fluorophore. The dye has the invaluable 
property of becoming fluorescent only when 
it binds to Spinach, and the further merit (as 
does GFP) of being non-toxic to cells. The 
fluorophore thus becomes visible only when 
it is bound to the RNA and illuminated with 
ultraviolet light, making it an ideal visualiza- 
tion marker. 

The two sets of crystal structures for 
Spinach reveal a previously unknown fold and 


fluorophore-binding site — the complexity of 
which defied prediction by computer pro- 
grams commonly used to calculate RNA sec- 
ondary structures. Huang et al. obtained their 
set of structures using an in-house approach” 
in which the RNA was co-crystallized with an 
antibody. To address the potential criticism 
that the highly unusual RNA structure might 
be an artefact resulting from this method, the 
authors devoted considerable time and effort 
to providing many reassuring experimental 
controls. 

The fluorophore can exist as four potential 
isomers, each of which can have multiple bind- 
ing modes to Spinach. To identify the orienta- 
tion of the bound fluorophore unambiguously, 
Huang and colleagues solved the crystal struc- 
ture of the fluorophore alone, and that of the 
RNA bound to a bromine-bearing analogue 
of the fluorophore. The X-ray-absorption 
properties of the bromine allowed the bind- 
ing position of the analogue, and therefore that 
of the original fluorophore, to be pinpointed. 
Huang and colleagues’ heroic undertaking 
has been unambiguously validated by the sub- 
sequent publication of Warner and co-workers’ 
crystal structures, which were obtained using 
a different (and more standard) crystallization 
approach. 

So what have we learnt from the two sets 
of structures? Most importantly, the key to 
understanding how green fluorescent RNA 
works has been revealed. The fluorophore 
sits on a platform of two stacked G-quadru- 
plexes (each quadruplex is a coplanar duo of 
unusual RNA G-G base pairs; G is guanine, a 
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nucleic-acid base). G-quadruplexes are often 
found at the ends of DNA molecules, but are 
seldom observed in RNA structures. The 
fluorophore is sandwiched tightly between 
the quadruplex platform and a coplanar RNA 
base triple (a structure analogous to a base pair, 
but involving three bases; Fig. 1). The binding 
pocket thus created enforces planarity on the 
bound fluorophore. 

Two interrelated structural effects seem 
to be responsible for activating fluorescence. 
First, a negative charge on the oxygen atom 
attached to the fluorophore’s benzene ring is 
required for fluorescence. That negative charge 
is stabilized by RNA interactions in the bind- 
ing site. These include hydrogen bonding toa 
nearby ribose structure; a ‘stacking’ interaction 
formed with the base triple that caps the bind- 
ing site; and an electrostatic interaction with a 
nearby bound potassium ion that has a positive 
charge balancing the negative charge. Second, 
the large planar surface formed by the G-quad- 
ruplex platform provides an opportunity for 
extensive stacking interactions that greatly 
enhance fluorescence. 

Our understanding of macromolecular 
structure and function can be put to the test 
by attempting to design molecules with a given 
function. Warner and colleagues demonstrated 
this by developing an improved green fluores- 
cent RNA motif using the insight gleaned from 
their crystal structures. The resulting molecule 
is smaller and folds more efficiently than Spin- 
ach, and has been dubbed “Baby Spinach” by 
the authors. It is an ideal candidate marker 
for the next generation of RNA visualization 
experiments. 
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CORRECTION 

The News & Views article 
‘Palaeoanthropology: The time of the 

last Neanderthals’ by William Davies 
(Nature 512, 260-261; 2014) incorrectly 
named the modelled overlap period 
between Neanderthals and modern 
humans as 470-4,900 years 

(25-250 generations) instead of 
2,600-5,400 years (130-270 generations). 
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Migrations and dynamics of the 
intertropical convergence zone 


Tapio Schneider’, Tobias Bischoff"? & Gerald H. Haug” 


Rainfall on Earth is most intense in the intertropical convergence zone (ITCZ), anarrow belt of clouds centred on average 
around six degrees north of the Equator. The mean position of the ITCZ north of the Equator arises primarily because the 
Atlantic Ocean transports energy northward across the Equator, rendering the Northern Hemisphere warmer than the 
Southern Hemisphere. On seasonal and longer timescales, the ITCZ migrates, typically towards a warming hemisphere 
but with exceptions, such as during El Nino events. An emerging framework links the ITCZ to the atmospheric energy 
balance and may account for ITCZ variations on timescales from years to geological epochs. 


clouds’, or as the maximum in time-mean precipitation’ (Fig. 1a). 

Seasonally, it migrates towards a hemisphere that warms relative 
to the other. Over the central Atlantic and Pacific oceans, the ITCZ migrates 
between 9° N in boreal summer and 2° N in boreal winter (Fig. 2a). Over 
the Indian Ocean and adjacent land surfaces, the ITCZ swings more dra- 
matically between average latitudes of 20° N in boreal summer and 8° Sin 
boreal winter, prompting the seasonal rainfall variations of the South Asian 
monsoon (Fig. 2b)’. On longer timescales, palaeo-records indicate that the 
ITCZ migrates similarly towards a differentially warming hemisphere*”. 
For example, the boreal-summer ITCZ appears to have migrated southward 


T he ITCZ can be identified as a tropical belt of deep convective 


as Northern Hemisphere summers cooled from the Holocene thermal max- 
imum around 8,000 years before present (8 kyr Bp) until the beginning of 
the Little Ice Age (LIA) at about 500 Bp**. Simultaneously, summer mon- 
soon rainfall in parts of South Asia weakened (Fig. 3a)”""', either because 
the ITCZ swung less far northward in boreal summer, or because its rain- 
fall intensity weakened, or a combination of both’*"’. These ITCZ variations 
over the Holocene arose because summer insolation in the Northern Hemi- 
sphere weakened with the precession of Earth’s perihelion from Northern- 
Hemisphere towards Southern-Hemisphere summer'*. But the annual-mean 
position of the ITCZ in the Northern Hemisphere (Fig. 1a) and the non- 
sinusoidal seasonal migrations in the South Asian monsoon sector (Fig. 2b) 
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Figure 1 | Annual-mean precipitation, surface winds, and atmospheric 8.1ms_'. Also marked (red diamonds) are the sites of the palaeo-records 


energy balance. a, Precipitation (colour scale) is maximal at the ITCZ, and 
surface winds (vectors) converge there. The ITCZ over oceans (precipitation 
maxima) is marked by red lines. (Within the resolution of the data, convergence 
maxima of the surface winds and precipitation maxima coincide.) Other 
convergence zones, such as the South Pacific convergence zone, are also 
recognizable as precipitation maxima. The right panel shows the zonal-mean 
precipitation. The precipitation data are from the Tropical Rainfall Measuring 
Mission (TRMM) Multisatellite Precipitation Analysis (TMPA)® for 1998- 
2012. The wind data are from the European Centre for Medium-Range 
Weather Forecasts (ECMWEF) interim reanalysis“ for the same years. The 
longest wind vector (over the central Pacific) corresponds to a wind speed of 


shown in Figs 3 and 6: Oman (OM; 17° N, 51° E), Arabian Sea (AS; 23° N, 
67° E), Borneo (BO; 4° N, 115° E), and the Cariaco basin (CB; 11° N, 65° W). 
b, Atmospheric moist static energy fluxes F (vectors) are weak near the ITCZ, 
but their divergence div F (colour scale) is generally positive there. (The ITCZ 
over oceans is marked by the same red lines as in a.) The right panel shows 
the zonal-mean divergence of the moist static energy flux. The energy flux 
data are from the ECMWF interim reanalysis for 1998-2012, corrected as in 
ref. 37 and provided by the National Center for Atmospheric Research. The 
longest vector (over the Kuroshio region) corresponds to a 2.7 X 10° Wm! 
energy flux. 
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Figure 2 | Seasonal migration of the ITCZ over the Pacific and in the South 
Asian monsoon sector. Mean precipitation (colour scale) and surface winds 
(vectors) as a function of time of year averaged zonally over the Pacific 

(160° E-100° W) (a) and the South Asian monsoon sector (65° E-95° E) (b). 
(The annual cycle over the Atlantic is similar to that over the Pacific shown 
here, with slightly farther-southward (down to 2° N) excursions of the ITCZ in 
boreal winter.) The ITCZ (precipitation maxima) is marked by red lines. The 
seasonal ITCZ migration is sinusoidal with a moderate amplitude over the 
Pacific, away from continents; zonal winds remain easterly year-round (a). The 
seasonal ITCZ migration features abrupt and large shifts in the South Asian 


show that the ITCZ neither simply follows the insolation maximum*’**, 


nor the sinusoidal seasonal variations of the interhemispheric tempera- 
ture contrast. What mechanisms control the position of the ITCZ and its 
rainfall intensity is an important unanswered question in climate dynamics. 

The ITCZ rainfall is fed by warm and moist trade winds near the sur- 
face (Figs 1a and 2). Their convergence leads to ascent of air masses, cool- 
ing, condensation and precipitation from deep convective clouds. In the 
upper troposphere, the air masses detrain from the clouds and diverge. They 
flow away from the ITCZ in the zonal mean, descend in the subtropics, and 
flow back along the surface towards the ITCZ, forming the meridionally 
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Mont 
monsoon sector, marking the onset and retreat of the summer monsoon; zonal 
winds north of the Equator turn westerly at monsoon onset (b, see Box 1). The 
precipitation data are the daily TMPA data” averaged over 1998-2012. The 
data are smoothed temporally and meridionally by robust local linear 
regressions, spanning 11 days in time and 1° in latitude. The wind data are the 
10-m winds from the ECMWF interim reanalysis“ for the same years. The 
longest wind vector (in the South Asian monsoon sector at 18° S in September) 
corresponds to a wind speed of 9.1 ms“, and vector components to the left and 
right indicate westward and eastward wind components, respectively. 


overturning Hadley circulation (Fig. 4). The ITCZ must be understood as 
one facet of meridional overturning circulations and zonal overturning 
circulations such as the Walker circulation: as the location of their ascend- 
ing branches. The ITCZ varies with the overturning circulations. The atmo- 
spheric circulations, in turn, interact with circulations in the underlying 
oceans, which modify the thermal conditions at the surface that drive the 
atmospheric circulations (Fig. 4). 

Observations and simulations indicate that the ITCZ migrates merid- 
ionally and its rainfall intensity changes when the atmospheric energy bal- 
ance shifts’? **. Elucidating how such ITCZ variations occur is the purpose 
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Figure 3 | Holocene ITCZ migrations, Indian 

monsoon and interhemispheric temperature 
contrast. a, Past 12,000 years. The temperature 
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30° N and 30°S. The Cariaco runoff proxy is 
elemental titanium (Ti) in the ODP site 1002 
sediment core (Fig. 1a), smoothed by a three-point 
running mean’. Higher Ti concentrations indicate 
more terrestrial runoff and rainfall, interpreted as a 
farther-northward ITCZ excursion in boreal 
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summer®’. Declining Ti concentrations indicate a 
southward migration of the boreal-summer ITCZ 
over the later Holocene. The Indian monsoon 
proxy is the abundance of oxygen-18 (5'*O), 
relative to the Vienna Pee Dee Belemnite (VPDB) 
standard, in radiometrically dated cave stalagmites 
in Oman? (Fig. 1a). Increasing 6'%O values indicate 
weakening summer monsoon rainfall. b, Past 
1,000 years. Ti in Cariaco sediments (red), with a 
higher-resolution reconstruction” of Northern 
Hemisphere temperatures (black, 20-point 
running mean). (Southern Hemisphere 
temperatures changed little during this time*’.) 

c, Past century. Temperature contrast between 
Northern and Southern hemisphere extratropics 
(poleward of 24° N and 24° S) based on 
instrumental data® (black), and average daily rainfall 
over the Sahel (12°-18° N, 20° W-35° E) during 
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T June-October based on land station data” (blue). All 
temperatures and temperature contrasts are given as 
anomalies relative to the 1960-91 AD mean. 
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Figure 4 | Processes controlling zonal-mean ITCZ position. The lower 
branches of the Hadley circulation (grey arrows) bring warm and moist air 
masses towards the ITCZ, where they converge, rise and diverge as cooler and 
drier air masses aloft. Because the moist static energy aloft is greater than near 
the surface, the Hadley circulation transports energy away from the ITCZ. 
Eddies transport that energy farther into the extratropics (red wavy arrows). 
Hemispheric asymmetries in the energy export out of the tropics generally lead 
to an energy flux that crosses the Equator. Currently, the energy export into 
the extratropics in the south exceeds that in the north, leading to a southward 
cross-equatorial energy flux (Fig. 5). This implies an ITCZ in the Northern 
Hemisphere. Coupled to the Hadley circulation are mean zonal winds (red 
arrows at the sea surface), which are easterly where the near-surface mass flux is 
equatorward, and westerly where it is poleward. In the oceans, these zonal 
winds drive subtropical cells, with near-surface mass flux to the right of zonal 
winds in the Northern Hemisphere, and to the left in the Southern Hemisphere. 
Water masses cool and sink along their way towards the Hadley circulation 
termini and return below the sea surface (red and blue arrows). With mean 
easterlies in the tropics, the returning cool water masses upwell at the Equator, 
and the subtropical cells transport energy away from the Equator. But the 
upwelling location can migrate with the ITCZ away from the Equator and can 
dampen the ITCZ migration (Box 1). 


of this Review. What emerges is a framework that links ITCZ variations 
to the energy input to and energy fluxes in the atmosphere. It allows us to 
interpret ITCZ variations across timescales from years to geological epochs. 


Atmospheric energy balance and dynamics 

Energy flux equator and ITCZ position 

Although the air masses diverging in the upper troposphere above the ITCZ 
are cooler and drier than those converging near the surface, their potential 
energy is greater, such that their moist static energy—the energy relevant 
for transport considerations— is generally greater than that of the near- 
surface air masses*’**. Therefore, vertically integrated over atmospheric 
columns, deep overturning circulations such as the Hadley circulation trans- 
port energy in the direction of their upper branches: away from the ITCZ 
(Fig. 1b). Averaged over a span of longitudes wide enough that one can focus 
on meridional fluxes, the ITCZ can be expected to lie near the “energy flux 
equator”*'”’, where the atmospheric meridional energy flux F changes sign— 
insofar as eddy contributions to the tropical atmospheric energy flux diver- 
gence remain negligible*’”*. Because the energy flux F usually increases going 
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Figure 5 | Atmospheric meridional energy flux and energy flux equator. 
The atmospheric moist static energy flux F in the zonal and annual mean in the 
present climate (red line) is generally poleward, but it has a small southward 
component Fy at the Equator. The energy flux equator is the zero of the energy 
flux, which currently lies around 6 ~ 2.5°. Given the equatorial values of the 
energy flux Fy and of its ‘slope’ with latitude div Fo, the energy flux equator 6 
can be determined from Fo ~ —ad div Fo, where a is Earth’s radius. For example, 
if Fo increases (indicated schematically by the blue line), the energy flux equator 
6 moves southward. Similarly, if div Fo increases, the energy flux equator 
moves towards the Equator. The energy flux data are from the ECMWF 
interim reanalysis for 1998-2012, corrected as in ref. 37 and provided by the 
National Center for Atmospheric Research. The light red shading indicates an 
estimated +0.2 PW standard error (the actual uncertainty is poorly known). 


northward in Earth’s tropics—its divergence div F is usually positive, mean- 
ing that energy is exported out of the tropics (Fig. 1b)—one expects the energy 
flux equator and the ITCZ to lie farther north the stronger southward is 
the cross-equatorial energy flux Fo (Fig. 5). This is indeed what is seen in 
observations and climate simulations””*”*”. Moreover, for a fixed cross- 
equatorial energy flux Fo, one expects the energy flux equator and the ITCZ 
to lie closer to the Equator for a steeper equatorial ‘slope’ div F of the energy 
flux with latitude (Fig. 5)*°. 
More precisely, the atmospheric energy balance** 


divF =S-L-O (1) 


connects the divergence of the atmospheric energy flux F to the net energy 
input to the atmosphere, consisting of the net downward shortwave radi- 
ation S at the top of the atmosphere, minus the outgoing longwave radia- 
tion L and any ocean energy uptake O owing to transport or storage in the 
oceans. Energy storage on land is negligible on timescales of seasons and 
longer, as is storage in the atmosphere, at least in the tropics*®, on which 
we focus. Now we consider a zonal average over a span of longitudes (for 
example, an ocean basin) sufficiently wide that zonal fluxes can be ignored. 
By expanding the meridional energy flux F to first order in the latitude 6 
of the energy flux equator, we obtain 0 = Fs ~ Fo + (div Fo)ao, where the 
subscripts 6 and 0 indicate latitude, and a is Earth’s radius (Fig. 5). Solving 
for the energy flux equator gives” 


a So = Lo — Oo 

Hence, the energy flux equator, and approximately the ITCZ position, 
depend to first order on the cross-equatorial atmospheric energy flux Fo 
and on the net energy input to the atmosphere at or near the Equator: 
div Fy = Sy — Lp — Op. To be sure, the energy flux equator is not as sharply 
defined as is the ITCZ, because the nearly moist adiabatic thermal strati- 
fication implies that the atmospheric energy flux near the ITCZ is weak** 
(Fig. 1b). The energy flux equator also does not always coincide with the 
ITCZ (over the annual cycle*”* for example). But its meridional excursions 
have magnitudes similar to those of the ITCZ*>”*”», so equation (2) pro- 
vides a starting point for understanding the ITCZ position quantitatively. 

In the present climate in the zonal and annual mean, the atmosphere 
transports 0.3 + 0.2 PW of energy southward across the Equator (Fig. 5)°°°”. 
The net equatorial energy input to the atmosphere” is 18 + 3 W m ~ (Fig, 1b). 
With that, equation (2) implies an energy flux equator at 4° N + 3°—broadly 
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consistent with the actual energy flux equator (Fig. 5) and the mean ITCZ 
position’’. However, the net equatorial energy input, Sp — Lo — Oo, is a small 
residual of large terms*””*: Sp ~ 323 Wm ~, Ly ~ 251 Wm ~ and 0) = 
54 W m ~. Reducing Sy or increasing Lp or Op by only 6 W m™ (by 2%- 
10%) suffices to move the energy flux equator 6 a factor of about 1.5 far- 
ther poleward. The energy flux equator and ITCZ are sensitive to slight 
energetic shifts. 

The mean position of the ITCZ in the Northern Hemisphere is thus 
linked to the atmospheric energy transport, which is directed from the warmer 
Northern Hemisphere into the 1.2-1.5 K cooler Southern Hemisphere*””””. 
The Northern Hemisphere is warmer primarily because the Atlantic’s merid- 
ional overturning circulation (AMOC) transports energy northward, up 
the mean temperature gradient. It dominates the cross-equatorial ocean 
energy transport; the resulting net northward transport across the Equator 
amounts to about 0.5 PW in the zonal mean***””’. Some of this ocean energy 
transport across the Equator is compensated by the southward (downgra- 
dient) atmospheric energy transport, primarily accomplished by a Hadley 
cell with ascending branch and ITCZ north of the Equator (Fig. 4). (The 
Hadley cell, in turn, is often dominated by regional overturning cells, such 
as in the Asian monsoon sector’®.) The AMOC energy transport displaces 
the ITCZ north of the Equator also in the Pacific (Fig. 2a), because winds 
homogenize the effect of AMOC energy transport zonally in the extratropics; 
hence, the partially compensating atmospheric energy transport is more 
zonally uniform and affects the ITCZ similarly over the Atlantic and Pacific™. 
This global energetic perspective de-emphasizes atmosphere-ocean inter- 
actions triggered by the shape of coastlines, which had previously been sug- 
gested to control the mean ITCZ position””®. Such local processes probably 
still play a role in shaping zonal asymmetries, but they appear to be second- 
ary in displacing the Atlantic and Pacific ITCZ north of the Equator***?*". 
However, local processes do seem to be responsible for the annual-mean 
ITCZ position south of the Equator over the Indian Ocean (Fig. 1a). The 
southern ITCZ arises because in the Indian Ocean a secondary precipita- 
tion maximum is maintained south of the Equator even in boreal summer 
(Fig. 2b), probably because the northward monsoonal flow rises and gen- 
erates precipitation south of the Equator*’, before crossing the Equator in 
the free troposphere and continuing towards the primary convergence zone 
farther north. 

More generally, cross-equatorial atmospheric energy flux Fo into one hemi- 
sphere demands an ITCZ in the opposite hemisphere, provided div Fy > 0. 
Equation (2) quantifies how much the ITCZ migrates northward when Fo 
decreases (becomes more southward), and how much the ITCZ migrates 
equatorward when Sp —Lo — Op increases. Studies hitherto have focused 
on the cross-equatorial energy flux—or closely related meridional temper- 
ature gradients (see below). But the energy flux alone cannot determine the 
ITCZ position, because it has units of power rather than units of ITCZ dis- 
placement. The net equatorial energy input matters too. Often the two will 
vary simultaneously, so that the regression coefficient of the ITCZ posi- 
tion on Fy alone, inferred in recent studies”*”*, generally differs from the 
corresponding coefficient in a bivariate regression on Fy and Sp — Ly — Oo 
(ref. 35). How the ITCZ globally and regionally depends on both should 
be analysed in simulations and observations. 

However, equation (2) is merely an energy balance identity that does not 
in itself imply a direction of causality. To establish causal links, it is neces- 
sary to discuss how energetic shifts arise mechanistically. 


Mechanisms of triggering ITCZ migrations 

Simulations and records of past climates have established that hemispher- 
ically asymmetric changes in the extratropics—for example, in AMOC 
energy transport or ice cover—can trigger ITCZ migrations®. To explain 
how extratropical changes can shift the energy flux equator and ITCZ, we 
need to discuss a special property of tropical temperatures*'”’. 

Tropical temperatures above the planetary boundary layer are dynam- 
ically constrained to vary only weakly in the horizontal” and to be nearly 
symmetric about the Equator. For example, in a Hadley circulation that is 
unaffected by eddy fluxes of angular momentum and that has an ITCZ far 
from the Equator, free-tropospheric temperatures are exactly symmetric 
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about the Equator, despite the strong asymmetry of the circulation’’. Indeed, 
hemispherically asymmetric variations of mid-tropospheric temperatures“ 
currently do not exceed approximately 3 K in the zonal mean between 20° N 
and 20° S, not even in boreal summer, when strongly asymmetric monsoon 
circulations dominate the Hadley circulation. 

The near-symmetry of tropical temperatures about the Equator means 
that a hemispherically asymmetric atmospheric energy export out of the 
tropics (say, across 30° N or 30° S) generally drives an energy flux across the 
Equator. To see this, assume that the tropics are confronted with a strength- 
ening of the energy export across their northern boundary, which may be 
triggered by reduced AMOC energy transport or increased Arctic ice cover. 
First, we take cloud radiative effects and ocean energy uptake to be fixed, 
so that S and O stay fixed. In response to the perturbation at the northern 
boundary, temperatures may adjust throughout the tropics, but in the 
free troposphere they will remain nearly symmetric about the Equator— 
and so will the response of L, which depends on temperatures at the mid- 
tropospheric emission levels (for a fixed distribution of longwave absorbers 
and, in particular, clouds). Therefore, the response of S — L — Ois nearly 
symmetric about the Equator. The energy balance (equation (1)) then implies 
that the response of the energy flux F consists of a constant component Fo 
and a component F(#) ~ —F(-¢) that is nearly antisymmetric about the 
Equator. The antisymmetric component is associated with hemispheri- 
cally nearly symmetric energy export out of the tropics. So, to the extent 
that any hemispherically asymmetric energy export persists, it drives an 
energy flux Fo through the tropics”, leading to a northward cross-equatorial 
energy flux perturbation in our example. The energy flux equator (equa- 
tion (2)), and with it the ITCZ, migrate southward. 

Feedbacks from clouds, the distribution of water vapour, and ocean energy 
uptake modulate the ITCZ response, both by modulating Sy — Lp — Op and 
by inducing hemispheric asymmetries in the off-equatorial S — L — Ores- 
ponse, which modulate the Fp response*’. But because the longwave and 
shortwave effects of the deep ITCZ clouds nearly cancel**”, their feed- 
back on the net radiative energy input S — Lis small. Other tropical cloud 
feedbacks may modulate S$ — L further”. Yet their overall effect appears 
to be small; even its sign is uncertain’®. The specific humidity of the atmo- 
sphere is enhanced near the ITCZ and reduces clear-sky L there. This, by 
itself, amplifies ITCZ migrations by increasing S — L — Oin the hemisphere 
with the ITCZ and amplifying the cross-equatorial energy flux into the 
opposite hemisphere. But because clear-sky variations in L near the ITCZ 
are only a small contributor to hemispheric asymmetries in L (< 4W m7? 
in the annual mean according to satellite data**), this feedback is prob- 
ably weak. Ocean energy uptake O may also cause hemispheric asym- 
metries in S — L — O. Itand the shallow subtropical cells that dominate 
the ocean energy transport in low latitudes*”” interact with the ITCZ. 
When the ITCZ migrates sufficiently far from the Equator, upwelling 
of cold waters and ocean energy uptake is enhanced near the ITCZ and 
dampens the ITCZ migration (Box 1). In the Indian Ocean, this feed- 
back dampens the seasonal ITCZ migrations of the South Asian mon- 
soon***?, It is probably even more important on longer timescales. 

Thus, modulated by tropical feedbacks, hemispherically asymmetric 
energy export out of the tropics generally drives a cross-equatorial atmo- 
spheric energy flux. In the zonal and annual mean today, the atmosphere 
exports around 4 PW energy poleward across both 30° N and 30° S (Fig. 5), 
but it exports around 0.6 PW more southward than northward”. This in 
itself implies a southward atmospheric energy transport across the Equator 
of about 0.3 PW, consistent with the observed flux**” Fy = —0.3 + 0.2 PW. 
(A constant energy flux Fp through the tropics adds to the energy export 
out of the tropics in one hemisphere and subtracts from it in the other, 
implying a hemispheric difference of 2Fy in energy exports.) Hemispheric 
asymmetries in S — L — O within the tropics** contribute less to Fo. The 
southward cross-equatorial energy flux is extratropically triggered in that 
AMOC energy transport differentially reduces meridional temperature gra- 
dients in the northern extratropics. This weakens the energy export out of 
the northern tropics because it weakens the poleward eddy energy flux”®, 
which dominates the energy export* and generally strengthens both with 
increasing temperature gradients and temperatures (because specific humidities 
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BOX | 
Atmosphere-ocean coupling and 
feedback on ITCZ 


Ekman balance, fV = -7* (where the Coriolis parameter is f, and the 
eastward surface stress is 7’), holds outside the equatorial latitude belt 
between approximately 5° N and 5° S and links zonal surface winds to 
ageostrophic near-surface meridional mass fluxes in the atmosphere 
and oceans. The meridional Ekman mass flux Vis directed to the right 
of the zonal surface stress 7“ in the Northern Hemisphere (f > 0), and to 
its left in the Southern Hemisphere (f< 0). 

In the atmosphere, Ekman balance accounts for the near-surface 
mean meridional mass flux. The stress r* retards zonal surface winds u 
and thus has sign opposite to that of u. An equatorward near-surface 
flow (fV <0) implies surface easterlies (u < 0). This is the case over the 
tropical Atlantic and Pacific year-round: the ITCZ does not migrate 
sufficiently far from the Equator to lead to poleward near-surface flow 
off the Equator (Fig. 2a). A poleward near-surface flow (fV > 0) off the 
Equator implies surface westerlies (u > 0), just as over the tropical 
Indian Ocean during the summer monsoon: the ITCZ migrates so far 
off the Equator that the zonal winds turn westerly (Fig. 2b). 

In the oceans, Ekman balance accounts for most of the near-surface 
mean meridional mass flux in the shallow subtropical cells*”~“°. By 
Newton’s third law, the wind stress r* driving V in the oceans is equal 
and opposite to the stress that retards the atmosphere’s zonal winds 
over the oceans. Therefore, the near-surface Ekman mass flux is 
poleward (fV > 0) where zonal winds are easterly (7 < 0), and 
equatorward otherwise. Remarkably, because the mean zonal stress 
on the atmosphere is equal and opposite to that on the oceans (up to 
the small surface stresses over land), the zonal-mean Ekman mass 
fluxes (+7’/f) in the low-latitude atmosphere and oceans are 
approximately equal and opposite—even though water is a thousand 
times denser than air’?. 

Thus the oceanic subtropical cells and the Hadley cells overhead 
resemble each other. Mirroring the upper branches of the Hadley cells, 
near-surface waters in the upper branches of the subtropical cells flow 
meridionally away from the ITCZ. They cool and are subducted on their 
way towards the Hadley circulation termini, where zonal surface winds 
turn westerly. The cooler water masses return below the surface and 
upwell near the ITCZ4748 (Fig. 4). This ocean circulation transports 
energy away from the upwelling region. Its zonal- and annual-mean 
energy transport is currently about as strong as the atmospheric 
energy transport*?, but it weakens as the climate warms?©. Today, 
upwelling occurs at the Equator in the Atlantic and Pacific because 
mean zonal surface winds there are easterly year-round, so Ekman 
mass fluxes diverge at the Equator (f changes sign). But when the ITCZ 
is far enough from the Equator that tropical surface westerlies occur— 
such as in the Indian Ocean during the summer monsoon—upwelling 
occurs near the ITCZ, and the ocean can transport energy away from 
it. This increases the ocean energy uptake O and reduces the 
atmospheric energy input to the hemisphere with the ITCZ. It reduces 
the cross-equatorial atmospheric energy transport into the opposite 
hemisphere, thus dampening ITCZ migrations. 


and latent energy fluxes increase with temperature)***”**. Ultimately, this 
chain of processes set in motion by AMOC energy transport leads to the 
mean position of the ITCZ north of the Equator***!. Conversely, if AMOC 
energy transport were weaker or absent, the atmospheric energy export 
out of the tropics to the north may well exceed that to the south: the more 
prominent continentality of the Northern Hemisphere leads to stronger 
stationary eddies, which enhance the poleward eddy energy flux**. This may 
result in a northward Fp and an ITCZ south of the Equator. 

For the extratropical-tropical communication, then, it suffices to per- 
turb the atmospheric energy export out of the tropics. Processes such as 
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wind-induced evaporation, previously proposed as mediators between 
the extratropics and tropics”, are not essential***’. This energetic perspec- 
tive is consistent with the notion that the ITCZ typically lies in the warmer 
hemisphere and migrates farther into that hemisphere the larger the inter- 
hemispheric temperature contrast’? *?: Because tropical temperatures are 
nearly symmetric about the Equator, the warmer hemisphere will usually 
have weaker meridional temperature gradients in the extratropics, imply- 
ing reduced energy export out of the tropics’”°’ and an ITCZ in that hemi- 
sphere. The larger the interhemispheric temperature contrast, the stronger 
is the unilateral reduction in energy export (other factors equal), and the 
farther in the warmer hemisphere is the ITCZ. Through closures for the 
atmospheric energy flux’***, the energy flux equator (equation (2)) and 
the ITCZ position have been quantitatively connected to temperatures, 
temperature gradients and other (for example, humidity) variables”. 


Towards a complete theory 

The atmospheric energy balance is a starting point for understanding the 
ITCZ. But it gives an incomplete picture. The energy input to the atmo- 
sphere depends on the circulation, which must also satisfy other balances. 
In particular, the angular momentum balance is important for the Hadley 
circulation and convergence zones*’*’. For example, the Hadley circula- 
tion undergoes a regime transition from an equinox regime, in which its 
angular momentum balance is dominated by eddy fluxes, toa monsoonal 
solstice regime, in which its angular momentum balance is less affected by 
eddy fluxes'*°°. This regime transition is rendered abrupt by dynamical 
feedbacks within the Hadley circulation and in its interaction with extra- 
tropical eddies—feedbacks that may account for the square-wave shape of 
seasonal ITCZ migrations in the South Asian monsoon sector (Fig. 2b)’*. 
In contrast, the energy flux equator migrates sinusoidally; it does not cap- 
ture the ITCZ migrations fully*. For a full account, the energetic perspective 
must be paired with an account of the Hadley circulation—an outstanding 
challenge whose resolution may now be within reach because today’s com- 
putational capabilities allow us to interrogate Hadley circulation dynamics 
systematically in experiments with global circulation models****. 

An account of the Hadley circulation is also necessary for a complete 
theory of how rainfall intensity in the ITCZ varies. Net precipitation (pre- 
cipitation minus evaporation, measured, for example, by palaeo-proxies of 
continental runoff) is balanced by the convergence of water vapour in the 
atmosphere. Its variations consist of two components: a dynamic com- 
ponent associated with variations of the mass fluxes advecting the water 
vapour, and a thermodynamic component associated with variations of 
the specific humidity of the air masses’”. The dynamic component includes 
migrations of the ITCZ and variations of Hadley circulation strength. Like 
the ITCZ position, the Hadley circulation strength depends on extratropical 
temperature gradients, among other factors, and so will also respond to 
extratropical changes**”°. Therefore, dynamic variations of ITCZ net pre- 
cipitation can be expected to respond to Earth’s orbital precession (which 
alters temperature gradients seasonally) and obliquity variations (which 
alter temperature gradients in the annual mean)'*", in addition to the 
response to variations in Sy — Ly — Oo. In contrast, thermodynamic vari- 
ations of ITCZ net precipitation depend locally on the tropical energy bal- 
ance, which controls the specific humidity**. The tropical energy balance 
in the annual mean is not affected by precession and is only weakly affected 
by obliquity variations”*. But precession influences the specific humidity 
seasonally, and it can lead to an annual-mean thermodynamic rainfall res- 
ponse because seasonal humidity changes at a location are only relevant 
when the ITCZ is overhead, whereas annual-mean evaporation responses 
are weak. A rich interplay of such dynamic and thermodynamic responses 
to different orbital variations probably caused the tropical rainfall varia- 
tions indicated by palaeo-records. 


Observations of ITCZ variations 


Direct observations in the past century and palaeo-records for the more 
distant past afford instructive case studies of how the ITCZ varies with 
climate and how it shifts with the atmospheric energy balance. 
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Direct observations in the past century 

El Nino and Southern Oscillation (ENSO). The alternation between 
warm El Nifo and cold La Nijia conditions in the eastern Pacific provides 
a counterexample to the notion that the ITCZ generally migrates towards 
a differentially warming hemisphere. Going from typical La Nifia to El Nifio 
conditions, annual-mean temperatures rise by around 0.1 K averaged glob- 
ally, but the extratropics of the Northern Hemisphere warm 0.08 K more 
than those of the Southern Hemisphere (according to data from ref. 60). 
Yet the ITCZ shifts southward. The shift is clearest in boreal winter: pre- 
cipitation data” show that the western and central Pacific ITCZ shifts south- 
ward by about 2° going from typical La Nifia to El Nifio conditions, and by 
about 5° during strong El Nino events (such as in 1983 and 1998). Addi- 
tionally, the longitudinal ITCZ structure is modified by ENSO’s zonal rear- 
rangement of convection*’. 

The energy balance provides an explanation. Zonal-mean Op in boreal 

winter is approximately 15 W m7 smaller during El Nifio than during La 
Nifia, with the largest changes in the eastern Pacific (according to the data 
described in refs 37 and 44; see also ref. 63). This reduction in ocean energy 
uptake increases Sy — Lo — Op; which in the zonal mean in boreal winter 
more than doubles from typical La Nifia to El Nifo. It implies that the 
displacement of the energy flux equator (equation (2)) and of the ITCZ 
away from the Equator is reduced by more than a factor of two—sufficient 
to account for the observed shift in ITCZ position. The effect of changes 
in Fo is smaller (about a quarter of the total shift). Thus, ENSO variations 
of the ITCZ position appear to be primarily driven by tropical changes in 
the atmospheric energy input. 
Differential hemispheric warming. Increasing concentrations of green- 
house gases have led to global warming over the past century, which, how- 
ever, was not uniform”. Until the 1930s, the northern extratropics warmed 
relative to the southern. Then, from the 1950s to the 1970s, the northern 
extratropics cooled by around 0.6 K relative to the southern extratropics. 
Since the mid-1970s, the northern extratropics have been warming again 
relative to the southern extratropics, thus far by around 0.7 K (Fig. 3c). (Dif- 
ferential warming rates for the entire hemispheres, rather than just the extra- 
tropics, are similar.) Differential warming of the northern extratropics is 
expected as concentrations of greenhouse gases increase: continents warm 
more than oceans and are more prominent in the Northern Hemisphere™®. 
The differential cooling of the northern extratropics in the mid-twentieth 
century has been ascribed to increasing concentrations of anthropogenic 
aerosols in the Northern Hemisphere”, and to natural variations partic- 
ularly in the North Atlantic®®. 

To the extent that tropical temperatures are symmetric about the Equator, 
warming of the northern relative to the southern extratropics differentially 
reduces meridional temperature gradients in the northern extratropics. 
This by itself should lead to differentially reduced eddy energy export out of 
the tropics into the Northern Hemisphere and a northward ITCZ migration. 
The converse holds for warming of the southern relative to the northern 
extratropics. 

Tropical precipitation records are not accurate enough to assess past 
ITCZ migrations in detail. But there is evidence that the zonal-mean ITCZ 
migrated southward as the northern extratropics cooled differentially in 
the mid-twentieth century””’; simulations show a similar response to 
increased anthropogenic aerosol loadings”. Consistently, the northward 
ITCZ excursion in boreal summer appears to have been capped at lower 
latitudes, at least over the Atlantic’. The neighbouring semi-arid African 
Sahel region, which lies at the northern limit of the seasonal ITCZ excur- 
sion over the continent, dried severely (Fig. 3c)’*"”*. Indeed, decadal vari- 
ations of Sahel rainfall over the past century correlate with variations of the 
interhemispheric temperature contrast, including the differential warm- 
ing of the northern extratropics (increasing Sahel rainfall) early in the twen- 
tieth century and since the 1980s (Fig. 3c). 


Palaeo-records going back to the last ice age 

Palaeoclimate data do not yet allow a global analysis of ITCZ variations 
but indicate globally coherent regional migrations. They suggest that the 
ITCZ position depends robustly on the interhemispheric temperature 
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contrast, which—since the last ice age—has varied primarily because of: 
(1) Earth’s precessional cycle”, with a period of about 21 kyr; and (2) mil- 
lennial climate changes around the North Atlantic, driven by changes in 
AMOC and glaciation’”*”’. 

Clear evidence for ITCZ migrations comes from the Cariaco basin®” 
(Fig. 1a). There, the ITCZ during today’s summers is overhead, trade winds 
and the ocean upwelling they drive are weak, and rainfall and runoff are at 
a maximum. Under such conditions, Cariaco sediments accumulate dark 
terrestrial detritus rich in elements such as titanium. In winter, the ITCZ 
migrates southward, trade winds and ocean upwelling strengthen, and run- 
off into the Cariaco basin is reduced. This increases the production oflightly 
coloured marine biogenic debris, which comes to dominate the flux to the 
sea bed®. From this alteration of Cariaco sediments, ITCZ migrations can 
be reconstructed. 

Holocene. The Holocene (the past 11.7 kyr) represents the current inter- 
glacial (Fig. 3). Over its first 2-4 kyr, the Northern Hemisphere warmed” 
as glacial ice retreated”. But after the Holocene thermal maximum at around 
8 kyr Bp, one of the few remaining drivers of climate variations was the pre- 
cessional cycle. Early in the Holocene, perihelion occurred during boreal 
summer, intensifying summer insolation in the Northern Hemisphere and 
weakening it in the Southern Hemisphere. Perihelion then precessed towards 
its current occurrence in boreal winter. At the Holocene thermal maxi- 
mum at around 8 kyr bp, the boreal-summer insolation contrast between 
the northern and southern extratropics was 9% stronger than it is today™*. 
The implied summertime warming of the northern extratropics relative 
to the southern should have led to a farther northward seasonal excursion 
of the ITCZ. (The excursion is modulated by equatorial insolation, which 
enters equation (2) through Sp and was 5% stronger in boreal summer at 
8 kyr Bp; however, changes in S, are at least partially compensated by changes 
in Lo and hence only represent a comparatively weak modulation of Sp — 

Lo — Op.) Indeed, Cariaco sediments indicate greater summertime runoff 
around 8 kyr bp, followed by a gradual reduction until the beginning of the 
LIA at 500 Bp (Fig. 3a, b). This signals a southward migration of the boreal- 
summer ITCZ, possibly paired with a thermodynamic reduction in rainfall 
intensity because of weakening local summer insolation. Cariaco runoff 
correlates well with reconstructions of the interhemispheric temperature 
contrast over the Holocene, which exhibits variations with amplitude (~0.6 K) 
similar to those seen over the past century (Fig. 3a,c)””*. 

Consistent with the trend in the Cariaco record, the Atlantic ITCZ appears 
to have migrated southward over the Holocene*’. Tropical West Africa 
dried*’ as the northern extratropics cooled differentially—the counterpart 
of the Sahel drying in the mid-twentieth century. The African Humid Period, 
during which lakes existed in the Sahara, appears to have terminated abruptly 
at around 5 kyr bp (ref. 81), perhaps when the boreal-summer ITCZ excursion 
over Africa ceased to reach the catchment areas of the sites from which the 
terminations are inferred. The complement to the reduction of boreal- 
summer rainfall in the northern tropics is a simultaneous increase of austral- 
summer rainfall in the southern tropics**’. This indicates a precession-driven 
farther-southward excursion of the ITCZ in austral summer, prompted 
by an increasing south-to-north interhemispheric insolation contrast (3% 
greater in austral summer today than 8 kyr Bp). But precession-driven ther- 
modynamic rainfall changes may also play a part”. 

Superimposed on the Holocene trend in the Cariaco record are abrupt 
features that cannot be explained by orbital insolation changes. The most 
notable is reduced runoff into the Cariaco basin during the LIA (Fig. 3b). 
The LIA cooling appears to have been most pronounced in high northern 
latitudes; it is absent in much of the Southern Hemisphere*’. Consistent 
with the implied differential cooling of the northern extratropics, Cariaco 
sediments suggest a southward ITCZ migration (Fig. 3b)’. Similarly, a variety 
of tropical Pacific records also indicate the ITCZ migrated southward dur- 
ing the LIA, followed by a northward migration at its end***°. Thus, the 
LIA appears to elicit a southward ITCZ migration similar to the more grad- 
ual differential Holocene cooling of the Northern Hemisphere. 

Last ice age. North Atlantic climate records from the last ice age are rife 
with millennial-scale climate variations, such as the Dansgaard—Oeschger 
cycles, in which rapid warming is followed by gradual cooling that often 
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culminated in periods of massive iceberg discharge known as Heinrich 
stadials’**°. Variations in the Southern Hemisphere are less pronounced, 
so changes in the interhemispheric temperature contrast were dominated 
by high northern latitudes”. The origin of these cycles has eluded research- 
ers for decades; AMOC changes are thought to play a role**. Whatever their 
origin, the ITCZ appears to have responded to the millennial variations in 
high northern latitudes in the same fashion as to the more recent changes 
in interhemispheric temperature contrast. Each time high northern latitudes 
cooled, a dry interval is observed in the Cariaco basin, signalling a southward 
ITCZ migration (Fig. 6a, b). Consistent with a southward ITCZ migration, 
increased rainfall is indicated in the southern tropics**”. 

Rainfall reductions coeval with strong high-latitude coolings are also 

indicated by cave stalagmites from Borneo (Fig. la), where today’s ITCZ 
passes overhead in boreal spring and fall (Fig. 6c)”°°'. The fact that the 
Borneo record shows a response at least to the strongest millennial cool- 
ings in high latitudes suggests that it may likewise record ITCZ migrations. 
However, the slower orbital-timescale variations in the record correlate 
with local insolation when the ITCZ is overhead””', suggesting that local 
thermodynamic rainfall variations may also play a part. 
Monsoons and the ITCZ. Palaeo-records for the past 100 kyr indicate a 
strong correlation between the marine ITCZ position and monsoons'*. Over 
the Holocene, as the boreal-summer position of the ITCZ migrated south- 
ward, Indian summer monsoon rainfall weakened”” (Fig. 3a). During the 
last ice age and the millennial cold intervals in high northern latitudes, 
Indian monsoon rainfall dropped, to be reinvigorated during subsequent 
warm intervals (Fig. 6d)''. Cave stalagmites from eastern China””* and a 
host of other hydroclimate reconstructions” exhibit similar changes over 
the Holocene and millennial variations during the last ice age. They also 
correlate with precession-driven changes in northern high-latitude sum- 
mer insolation”, which seasonally influences extratropical temperature 
gradients and the energy export out of the tropics. 

The similarity of marine ITCZ and monsoon variations may be taken as 
evidence that monsoon variations indicate rainfall redistribution within the 
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tropics and subtropics, with a northward displacement of the ITCZ imply- 
ing increased rainfall farther north and decreased rainfall farther south'*”’. 
However, thermodynamic rainfall variations prompted by precession-driven 
local insolation variations may also havea role*’. The relative importance 
of dynamic and thermodynamic variations may shift with latitude and may 
account for the phase differences in rainfall variations seen, for example, 
between the Borneo and eastern China cave records”””’. 


Outlook 


The energetic constraints on the ITCZ position have several implications. 
Stronger southward atmospheric energy transport across the Equator gen- 
erally implies an ITCZ farther north; greater net energy input to the equa- 
torial atmosphere implies an ITCZ closer to the Equator. The currently 
southward-directed cross-equatorial atmospheric energy transport weakens 
or reverses sign when the Northern Hemisphere extratropics cool relative 
to the southern extratropics, and this explains the southward ITCZ migra- 
tions that apparently occurred in the mid-twentieth century, LIA, and in 
cold intervals during the last ice age. Variations in the equatorial net energy 
input to the atmosphere modulate these ITCZ migrations, as they do dur- 
ing an El Nino. An outstanding challenge is to link orbital insolation varia- 
tions to the shifts in the atmospheric energy balance that control the ITCZ 
position and its rainfall intensity—to arrive at a comprehensive under- 
standing of tropical rainfall variations. Systematic studies with global cli- 
mate models of how the tropical energy balance and extratropical energy 
fluxes respond to climate variations would be helpful. They will need to be 
accompanied by progress in our understanding of how clouds vary with 
climate and feed back onto the energy balance and ITCZ position. 

The ITCZ position is sensitive to slight shifts in the atmospheric energy 
balance because the factors controlling it are small differences between large 
terms. The cross-equatorial energy flux depends on the small difference 
between the large energy exports out of the tropics into the northern and 
southern extratropics; the net energy input to the atmosphere is the small 
residual of the absorbed solar radiation, outgoing longwave radiation and 
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Figure 6 | Northern Hemisphere temperatures 
and ITCZ migrations during the last ice age. 
a, 6'°O from the North Greenland Ice Core Project 
(NGRIP) is a proxy of Arctic temperatures**. 
It indicates gradual warming after the Last Glacial 
Maximum (~20 kyr Bp) and millennial-scale 
Dansgaard—Oeschger cycles, between cold (stadial) 
| and warmer (interstadial) intervals’”®. Cold 
intervals include the Younger Dryas (YD) and 
Heinrich stadials H1 to H6 (grey shading). (6'°O 
here is measured relative to Vienna Standard Mean 
Ocean Water (VSMOW).) b, Reflectance of 
Cariaco basin sediments measures the relative 
abundance of marine biogenic to terrigeneous 
deposits. It is high when rainfall and runoff are 
low'’. Low reflectance is interpreted as a farther- 
northward ITCZ excursion in boreal summer. 
Warm intervals indicated by the Greenland ice core 
are generally associated with high runoff and a 
farther-northward boreal-summer ITCZ, and vice 
versa for cold intervals. During peak stadials, 
sediments lack the lamination produced by the 
annual rainfall cycle, indicating that the ITCZ 
appears to have been south of the Cariaco basin 
year-round”. c, 65180, relative to the VPDB 
standard, in cave stalagmites from Borneo is a 
proxy of rainfall in the equatorial western Pacific’. 
It is low during Heinrich stadials, but Dansgaard- 
Oeschger cycles otherwise are less evident than 
in the higher-latitude records. d, Analogously to 
b, low reflectance of Arabian Sea sediments 
indicates high runoff from Indian monsoon 
rainfall'’. It occurs during warm intervals indicated 
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ocean energy uptake. Slight shifts in the large terms can lead to substantial 
ITCZ migrations. This sensitivity of the ITCZ position probably accounts 
for the difficulties climate models have in simulating it”’. Biases in simula- 
ting the ITCZ can arise, for example, through relatively small errors in rep- 
resenting clouds: in the extratropics”’, they distort the energy export out 
of the tropics, and in the tropics”, they distort the net energy input. Yet 
this sensitivity also makes the ITCZ an excellent recorder of how energetic 
balances shift with climate. Reconstructions of past ITCZ migrations may 
soon constrain predictions about the future in regions such as the Sahel, 
where slight modifications of seasonal ITCZ excursions can change the 
hydroclimate drastically®*. As our theories advance and ITCZ and palaeo- 
reconstructions improve, it may become possible to use inferences about 
how past ITCZ migrations depend on insolation variations to constrain 
uncertain cloud feedbacks. Particularly helpful would be reconstructions 
of the ITCZ in the mid-Pliocene (4.5-3.1 million years Bp), the youngest 
geological analogue of a climate that is 2-3 K warmer. The Northern Hemi- 
sphere then was ice-free and relatively warm, suggesting a more northern 
ITCZ, while the equatorial eastern Pacific had a weaker cold tongue”*”’, 
suggesting reduced ocean energy uptake and an ITCZ closer to the Equator. 
Additionally, net energy input to the atmosphere was modified by increased 
concentrations of greenhouse gases”’ and cloud changes. Knowing how 
these competing effects balanced would reduce uncertainties in predic- 
tions for the next century. 
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of tetrapods 
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The origin of tetrapods from their fish antecedents, approximately 400 million years ago, was coupled with the origin of 
terrestrial locomotion and the evolution of supporting limbs. Polypterus is amember of the basal-most group of ray-finned 
fish (actinopterygians) and has many plesiomorphic morphologies that are comparable to elpistostegid fishes, which are 
stem tetrapods. Polypterus therefore serves as an extant analogue of stem tetrapods, allowing us to examine how devel- 
opmental plasticity affects the ‘terrestrialization’ of fish. We measured the developmental plasticity of anatomical and 
biomechanical responses in Polypterus reared on land. Here we show the remarkable correspondence between the envi- 
ronmentally induced phenotypes of terrestrialized Polypterus and the ancient anatomical changes in stem tetrapods, and 
we provide insight into stem tetrapod behavioural evolution. Our results raise the possibility that environmentally induced 
developmental plasticity facilitated the origin of the terrestrial traits that led to tetrapods. 


The evolution of terrestrial locomotion in vertebrates required the appear- 
ance of new behaviours and supporting appendicular structures’ *. The 
skeletal changes included the origin of supporting limbs, the decoupling of 
the dermal pectoral girdle from the skull and the strengthening of the 
girdle ventrally for support’. The predicted behavioural changes at this 
transition include the planting of the pectoral fins closer to the midline of 
the body, thereby increasing the vertical component of the ground reac- 
tion force and raising the anterior body off the ground**"®. How these 
evolutionary changes arose at the origin of tetrapods is still largely unclear, 
and the evolutionary processes surrounding these ancient events are not 
accessible because the transitionary animals are extinct. 

Environmentally induced phenotypes and their subsequent incorp- 
oration into heritable material may play an important role in macro- 
evolution, including in the origin of novel traits'"’*. Phenotypic plasticity 
is the ability of an organism to react to the environment by changing its 
morphology, behaviour, physiology and biochemistry’’. Such responses 
are often beneficial for the survival and fitness of an organism and may 
facilitate success in novel environments'*'°. Phenotypically plastic traits 
can also eventually become heritable through genetic assimilation, which 
fixes a reduced range of phenotypic plasticity by decreasing a trait’s envir- 
onmental sensitivity'''®””. 

Major transitions that involved the modification and appearance of 
complex or novel traits may be accessible through the existing devel- 
opmental pathways that allow plasticity in an ancestor. The ‘flexible stem’ 
model describes a process by which the fixed phenotypes of ecologically 
specialized lineages reflect the assimilation of alternative phenotypes by 
the ancestral lineage'’"**°. For example, when marine sticklebacks were 
raised on alternative diets, developmental plasticity in the head shape 
and mouth shape paralleled the phenotypic divergence in the derived 
ecotypes’”. Examining plasticity in an extant form may therefore shed light 
on the epigenetic processes in past evolutionary events’”"*””. 

This Article relates plasticity in an extant fish taxon to a major evolu- 
tionary transition: the origin of tetrapods. The plasticity of ancient fish 
might have provided the variation necessary to allow the evolution of the 
terrestrially functional fins that eventually evolved into limbs. Validating 
such a prediction is difficult as stem tetrapods are extinct. In these cases, 


a sister taxon to the derived groups of interest can be used to estimate the 
ancestral plasticity’. 

In this study, we investigated developmental plasticity in Polypterus, 
the extant fish closest to the common ancestor of actinopterygians and 
sarcopterygians”'. We chose Polypterus because it is one of the best mod- 
els for examining the role of developmental plasticity during the evolu- 
tion of stem tetrapods. Polypterus has an elongate body form, rhomboid 
scales, ventrolaterally positioned pectoral fins and functional lungs, all 
traits that are comparable to elpistostegid fishes. Moreover, this living 
fish is capable of surviving on land and can perform tetrapod-like ter- 
restrial locomotion with its pectoral fins (E.M.S., T.Y.D., P. Laroche, B. 
Wilhelm and H.C.E.L., manuscript in preparation). Other terrestrially 
locomotory fish are derived teleosts that use a range of different gaits 
and have derived morphologies. Extant sarcopterygians (that is, lung- 
fish (Dipnoi) and coelacanths (Latimeria chalumnae)) do not use their 
fins for terrestrial locomotion. By using an animal that already displays 
a walking behaviour, such as Polypterus, we can compare how obligatory 
walking influences gait and skeletal structure. 

We raised control and treatment groups of Polypterus under aquatic 
and terrestrial conditions, respectively, to examine their behavioural and 
anatomical plasticity in response to a terrestrial habitat. By placing this 
predominantly aquatic animal in an obligatory terrestrial environment, 
we changed the forces experienced by the animal’s musculo-skeletal sys- 
tem. We predicted that the increased gravitational and frictional forces 
experienced by terrestrialized fish would cause changes in the ‘effective- 
ness’ of their locomotory behaviour when travelling over land, as well as 
changes in the shape of the skeletal structures used in locomotion. We 
also predicted that the plastic responses of the pectoral girdle of terres- 
trialized Polypterus would be similar to the directions of the anatomical 
changes seen in the stem tetrapod fossil record. 


Swimming versus walking behaviour 


During steady swimming, Polypterus oscillates its pectoral fins for pro- 
pulsion, with little body and tail motion. Polypterus can also walk on land 
using a contralateral gait, by using its pectoral fins to raise its head and 
anterior trunk off the ground and by using its posterior body for forward 
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Figure 1 | Kinematic behaviour of swimming and walking Polypterus. 

A, Swimming in one exemplar fish. B, Walking in one exemplar fish. 

a, Maximum and minimum body curvature over one stroke cycle. b, Change in 
nose elevation over several stroke cycles (filmed at 250 frames s-'). The circles 
correspond to the illustrations (from left to right) in a. c, Movement in the x-y 
plane (parallel to the ground) of the nose (solid grey line), tail (dotted grey line) 


propulsion (Supplementary Video 1; E.MLS., T.Y.D., P. Laroche, B. Wilhelm 
and H.C.E.L., manuscript in preparation). We observed critical perform- 
ance differences between swimming and walking (Fig. 1 and Extended 
Data Table 1). When Polypterus swam with a pectoral fin gait, it moved 
farther and faster per fin beat than when it walked. When walking, the fish 
moved their bodies and fins faster, and their nose, tail and fin oscillations 
were larger. Walking fish also had higher nose elevations, longer stroke 
durations and greater body curvatures. These performance differences 
suggest that walking is energetically more expensive than swimming”. 


Biomechanical response to living on land 

The treatment group of fish (which was raised on land) walked differently 
from the control group of fish (which was raised in water) (Extended 
Data Tables 1 and 2). The fish that were raised on land had their fins 
planted on the ground for less time and had shorter stride durations. 
Despite the faster stroke cycle of the treatment group fish, both treatment 
and control fish had comparable duty factors (approximately 0.65). 
Planted fins always slipped during the fin plant phase of the stroke, but 
the duration and distance of this potentially expensive fin ‘slip’ were 
shorter in the fish raised on land. The land-raised fish also had smaller 
pectoral fin excursions and elevations, planted their fins closer to the body 
midline, and had higher nose elevations and smaller tail oscillations. 
Reduction of unnecessary fin and tail motion and fine-tuning of fin 
placement to reduce body friction with the ground are required to min- 
imize energy expenditure during walking, suggesting that the terrestria- 
lized Polypterus has a more efficient gait. 

The timing of critical kinematic variables is also important when 
determining performance. During walking, for both groups of fish, the 
fin was first planted near its most forward position, and the body was 
maximally curved, with the tail closest to the head. With the fin grounded, 
the tail pushed forwards, vaulting the anterior body and head over the 
planted fin. This positioning suggests that both fin and tail work together 
as the main thrust producers. The body curvature, tail amplitude, nose 
elevation and the start of the fin plant had similar timings in the stroke 
cycle for both groups of fish despite the differences in the environments 
in which the fish were raised (Fig. 2a, Extended Data Table 3 and Supple- 
mentary Video 1). These similarities indicate that walking with fins has 
basic kinematic requirements that are not necessarily improved with 
practise or competence. By contrast, the treatment group fish had a 
predictable timing for the majority of walking variables, whereas the 
control fish exhibited high degrees of variation. Importantly, the fin slide 
start occurred later during walking in the land-raised fish than in the 
water-raised fish. Additionally, the maximum forward (abduction) and 
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and fin tip (black line). The walking-fish fin trace (body length, 98 mm; fin 
length, 14 mm) is the top view of two left-fin beats (B, c). The swimming-fish fin 
trace (body length. 105 mm; fin length, 13 mm) is the bottom view of three left- 
fin beats (A, c). d, Fin tip motion (black line) relative to the nose. Lateral (top) 
and dorsal (bottom) views are shown. Scale bar, 10 mm. 


backward (adduction) fin position, the end of the fin plant, the end of 
the fin slide and the minimum distance from the fin to the body midline 
occurred at specific times within the stroke cycle in land-raised fish 
but were unpredictable in water-raised fish (Fig. 2 and Extended Data 
Table 3). These differences in timing between the control and treatment 
fish groups may indicate that the fish raised on land have a conditioned 
‘training’ advantage. 

During walking, in all fish, the maximum nose elevation and the begin- 
ning of the fin slide occurred half way through the head swing, when the 
nose crossed the forward path (Fig. 2b). The co-occurrence of these 
factors supports the hypothesis that the fin acts as a pole over which the 
head and anterior body are vaulted. Ground friction caused by the body 
and the amount of time the head and body are held off the ground must 
be limited and balanced to reduce the energy expenditure during walk- 
ing. The treatment group fish had higher nose elevations and shorter 
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Figure 2 | Timing of kinematic variables for the left fin during walking in 
control and treatment group fish. One complete stroke cycle is represented by 
360°. The stroke starts at 0° (head on the right). Mid-stroke occurs at 180° (head 
on the left). The stroke ends at 360° (0°). Data with significant directionality 
(Rayleigh’s test, P< 0.05) are plotted for the treatment group (dark grey, 

n= 12) and the control group (light grey, n = 6). Variables with similar timing 
between groups (P > 0.05) were binned and plotted as one (black). The symbols 
represent the mean timing (+ angular variance, shown as a line) of the different 
kinematic variables. Some symbols occlude an extremely small angular 
variance. The areas highlighted in light grey (a, b, c) are key kinematic points in 
the stroke cycle. max, maximum; min, minimum. 
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stroke cycles, suggesting that the body ground friction and head elevation 
time were minimized. Additionally, the treatment group fish had less fin 
and body motion, less fin slip and less time between the start of the fin 
slide and the maximum head elevation, with the head and anterior body 
more effectively vaulting over the fin, possibly minimizing the energy loss 
due to slip. This difference in what seems to be a fundamentally import- 
ant characteristic in walking over land hints that differences in control 
and/or ‘effectiveness’ during walking depend on an individual's training 
environment. 

The treatment group fish also had a minimized distance between their 
planted fin and their body midline at the same time their fin stopped 
sliding (Fig. 2c). Bringing the fin closer to the midline generates more 
vertical ground reaction force through the fin, explaining the reduced fin 
slip. Control fish planted their fins farther from their body midline. 
These variables are critical for minimizing the effort required to move 
the body weight over land”’. By precisely controlling fin placement and 
fin slide timing, the treatment group fish may be streamlining the power 
that is required by the tail and the body to push the fish forwards by 
ensuring that the tail and body thrust occur when the body and head are 
lifted by the fin. Furthermore, the treatment group fish kept their fins 
stationed on the ground for the remainder of the step, allowing the fin to 
contribute to force production and control during the final phase of the 
step, and for the initiation of the next contralateral step. These beha- 
vioural differences are hypothesized to be ‘learned’ training advantages. 
Conversely, control fish had more variable fin slip timing, which lasted 
longer, as well as inconsistent timing patterns for the end of the fin plant, 
suggesting that they had not optimized their biomechanical performance. 

The minimal differences in the kinematic variables between the treat- 
ment and control groups during swimming indicate that there was min- 
imal ‘loss’ of swimming function associated with being raised in a terrestrial 
environment without the ability to ‘practise’ swimming after gill absorption 
(Extended Data Tables 1 and 4, Extended Data Fig. 1 and Methods). 


Anatomical response to living on land 


Like the biomechanical properties, the pectoral anatomy of land-raised 
Polypterus also exhibited phenotypic plasticity in response to terrestria- 
lization. The clavicle, cleithrum and supracleithrum of the fish pectoral 
girdle create a supporting brace that links the head and the body during 
locomotion and feeding (Fig. 3a). In most fish, including Polypterus, the 
paired clavicles are ventral, attaching to the anterior tip of the cleithrum 
medially and joining in symphysis at the midline, acting as a structural 
support for the neck and pectoral girdle**. The cleithrum serves as an 
attachment point for muscles connecting to the skull anteriorly, to the 
trunk muscles posteriorly and to the pectoral fin muscles laterally*’. The 
supracleithrum articulates with the cleithrum and joins the pectoral girdle 
to the skull via the posttemporal bone. 

The clavicle and cleithrum had significantly different shapes in the 
land-raised and water-raised groups (Fig. 3). The treatment group fish 
had narrower and more elongated clavicles, with more pointed processes 
that were 10.6% longer (P = 0.046). The clavicle cross-section was thinner 
in treatment group fish, in which the clavicle forms a cup that conforms to 
the cleithrum contact (Fig. 3c). In the land-raised fish, the cleithrum’s 
horizontal arm also had a narrower lateral surface (Fig. 3b). Increased 
forces in the pectoral girdle from gravitational and postural changes may 
have induced a modelling response of the clavicle and cleithrum”. Diffe- 
rences in bone shape may also reflect the need for increased fin mobility 
in terrestrial environments. When Polypterus walks, its fins must move 
through a larger range of motion than when it swims, forcing the oper- 
culum to bend out of the way to accommodate forward fin excursion. The 
posterior margin of the opercular cavity is displaced caudally by a reduc- 
tion of the cleithrum’s lateral postbranchial lamina. This change, along 
with the increased length and slenderness of the clavicle in treatment 
group fish, expands the opercular cavity between the fin and the oper- 
culum, providing more space for the pectoral fins to move. 

Overall, the supracleithrum did not have a significantly different shape 
in water-raised and land-raised fish, but it was the only bone with an 
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Figure 3 | Anatomical plasticity of Polypterus pectoral girdles. a, Location 
of the supracleithrum, cleithrum and clavicle in Polypterus. Scale bar, 1 cm. 
b, Left lateral views of the pectoral girdle with the mean clavicle (bottom), mean 
cleithrum (centre) and mean supracleithrum (top) dissociated for control (left) 
and treatment (right) group fish. A point-based multivariate analysis of 
covariance (MANCOVA) with correction for multiple comparisons (false 
discovery rate estimation) was used to determine the significant differences 
between the control (n = 7) and treatment (n = 15) Polypterus groups; 
significantly different regions are shown in colour (yellow, P < 0.05; red, 
P<0.01). The mean illustration represents the average shape calculated from 
all individuals. c, Close-up anterolateral views of the mean clavicle (pink)- 
cleithrum (blue) contact in control (left) and treatment (right) group fish and 
the mean shape calculated from all individuals (centre). 


allometric difference between the groups (Extended Data Table 5). The 
supracleithrum of the treatment group fish maintained the slenderness 
present at smaller bone sizes, with both the anterior process and posterior 
margin remaining narrow in the largest specimens and maintaining 
an underdeveloped midlateral ridge. The supracleithrum of control fish 
showed the opposite trend, developing robust anterior and posterior pro- 
cesses and midlateral ridges with increasing bone size. A size-related reduc- 
tion in the supracleithrum’s robustness may reflect a weakened connection 
to the posttemporal bone anteriorly and to the cleithrum posteriorly. This 
possibility suggests a weakened attachment between the pectoral girdle 
and the skull in land-raised fish. The size independence of the low mid- 
lateral ridge in the treatment group fish may also allow greater flexibility 
between the supracleithrum and the overlying operculum, further enlar- 
ging the opercular cavity and further freeing the pectoral girdle from the 
skull. Finally, comparison of bootstrap confidence intervals for shape 
variance showed that the land-reared fish had a higher shape disparity of 
the cleithrum and supracleithrum (Extended Data Fig. 2). 


Plasticity and the origin of tetrapods 

Terrestrialized Polypterus displayed less-variable walking behaviour, 
planted their pectoral fins closer to their body midlines, lifted their heads 
higher and had less fin slip, allowing more effective vaulting of the ante- 
rior body over the planted fin. These features are performance-enhancing 
traits during terrestrial locomotion’®. We predict that similar behavioural 
changes were present in stem tetrapods. These locomotory changes in 
Polypterus probably affected the forces experienced by the skeleton, influ- 
encing skeletal growth and changing bone shape”’. The differences in 
bone morphology observed between terrestrialized and water-raised 
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Figure 4 | Scenario for the contribution of developmental plasticity to 
large-scale evolutionary change in stem tetrapods. Left anterodorsolateral 
views of the pectoral girdle of selected stem tetrapods (A, B), an outgroup 
(C), and land-reared (D) and water-reared (E) Polypterus. The following are 
comparable developmentally plastic morphologies: reduction of the 
supracleithrum (a), reduction of the posterior opercular chamber edge 

(b), strengthened clavicle-cleithrum contact (c) and narrowing and elongation 
of the clavicle (d). ano, anocleithrum; cl, cleithrum; cla, clavicle; por, post 
opercular ridge (note the ridge in Cheirolepis is not distinct but is laterally 
positioned, as is shown); scl, supracleithrum. 


Polypterus bear a remarkable resemblance to the evolutionary changes 
of stem tetrapod pectoral girdles during the Devonian period (Fig. 4). 
The skeletal changes seen in the treatment group fish revealed a marked 
reduction in the external boundaries of the opercular cavity bounded by 
the supracleithrum and cleithrum, which presumably facilitates greater 
flexibility between the pectoral girdle and the operculum, similar to what 
is observed in stem tetrapods such as Eusthenopteron’’. The elongation 
of the clavicles and the more tightly interlocking cleithrum-clavicle con- 
tact may strengthen the ventral brace through the clavicle, aiding in feed- 
ing, locomotion and body support in a terrestrial environment. Similar 
morphologies involving the medial bracing of the clavicles via an inter- 
clavicle are also thought to have stabilized the girdle in the earliest tet- 
rapods, Acanthostega and Ichthyostega’ . Finally, the dissociation of the 
pectoral girdle from the skull by reduction and loss of the supracleithrum 
and extrascapular bones allowed the evolution of a neck, an important 
feature for feeding on land”. 
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Novel or stressful environments, particularly those to which organisms 
have had no previous exposure or adaptations are catalysts for releasing 
variation’”’*’. Evidence at a microevolutionary scale demonstrates that 
plasticity plays an important role in the appearance of complex traits'*°. 
Our results show that exposure to a novel terrestrial environment can 
increase the phenotypic variation in the terrestrial locomotory behav- 
iours and the pectoral girdle of Polypterus. We hypothesize that phe- 
notypic plasticity, as a response to rapid and sustained environmental 
stresses, may also facilitate macroevolutionary change. Multi-generational 
experiments on terrestrialized Polypterus are required to determine the 
effect of developmental plasticity on the evolution of traits associated 
with effective terrestrial locomotion. 

Developmental plasticity can be integrated into the study of major 
evolutionary transitions. The rapid, developmentally plastic response of 
the skeleton and behaviour of Polypterus to a terrestrial environment, and 
the similarity of this response to skeletal evolution in stem tetrapods, is 
consistent with plasticity contributing to large-scale evolutionary change. 
Similar developmental plasticity in Devonian sarcopterygian fish in res- 
ponse to terrestrial environments may have facilitated the evolution of 
terrestrial traits during the rise of tetrapods. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Alterations of the human gut microbiome 


in liver cirrhosis 


Nan Qin!*, Fengling Yan Tie Ang Li!*, Edi Prifti**, Yanfei Chen", Li Shao!*, Jing Guo!, Emmanuelle Le Chatelier®, Jian Yao, 
Lingjiao Wu, Jiawei Zhou', Shujun Ni’, Lin Liu’, Nicolas Pons*, Jean Michel Batto*, Sean P. Kennedy’, Pierre Leonard’, 
Chunhui Yuan', Wenchao Ding', Yuanting Chen’, Xinjun Hu!, Beiwen Zheng’”, Guirong Qian’, Wei Xu', S. Dusko Ehrlich*"*, 


Shusen Zheng”? & Lanjuan Li’? 


Liver cirrhosis occurs as a consequence of many chronic liver diseases that are prevalent worldwide. Here we character- 
ize the gut microbiome in liver cirrhosis by comparing 98 patients and 83 healthy control individuals. We build a reference 
gene set for the cohort containing 2.69 million genes, 36.1°% of which are novel. Quantitative metagenomics reveals 75,245 
genes that differ in abundance between the patients and healthy individuals (false discovery rate < 0.0001) and can be 
grouped into 66 clusters representing cognate bacterial species; 28 are enriched in patients and 38 in control individuals. 
Most (54%) of the patient-enriched, taxonomically assigned species are of buccal origin, suggesting an invasion of the gut 
from the mouth in liver cirrhosis. Biomarkers specific to liver cirrhosis at gene and function levels are revealed by a 
comparison with those for type 2 diabetes and inflammatory bowel disease. On the basis of only 15 biomarkers, a highly 
accurate patient discrimination index is created and validated on an independent cohort. Thus microbiota-targeted bio- 
markers may be a powerful tool for diagnosis of different diseases. 


Cirrhosis is an advanced liver disease resulting from acute or chronic 
liver injury, including alcohol abuse, obesity and hepatitis virus infec- 
tion. The prognosis for patients with decompensated liver cirrhosis is 
poor, and they frequently require liver transplantation’. The liver inter- 
acts directly with the gut through the hepatic portal and bile secretion” 
systems. Enteric dysbiosis, especially the translocation of bacteria’ and 
their products*” across the gut epithelial barrier, is involved in the pro- 
gression of liver cirrhosis. However, the phylogenetic and functional com- 
position changes in the human gut microbiota that are related to this 
progression remain obscure®. Some studies have revealed that altera- 
tions in the gut microbiota are important in complications of end-stage 
liver cirrhosis® (such as spontaneous bacterial peritonitis’ and hepatic 
encephalopathy*) and the induction and promotion of liver damage 
in early-stage liver disease” (such as alcoholic liver disease’? and non- 
alcoholic fatty liver disease"’), but definitive associations of gut micro- 
biota and liver pathology in humans are still lacking’”. Studies of patients 
with liver cirrhosis’? and of mouse models for alcoholic liver disease'® 
have revealed a similar and substantial alteration in the gut microbiota, 
as measured by sequencing of 16S ribosomal RNA genes. How these 
phylogenetic alterations relate to changes in the functioning of this eco- 
system is, however, unclear. 

The role of gut microbiota in human health and disease’* has recently 
received considerable attention. Chronic diseases, such as obesity’*"*, 
inflammatory bowel disease (IBD)'*”®, diabetes mellitus’, metabolic 
syndrome”, symptomatic atherosclerosis” and non-alcoholic fatty liver 
disease’’, have been associated with gut microbiota. The US National 
Institutes of Health Human Microbiome Project (HMP) generated a 
large data set from different anatomical sites among 242 healthy indivi- 
duals and created a large human microbiome gene resource**”*. Quanti- 
tative metagenomics analysis’””* developed by the MetaHIT consortium 
revealed a significant loss of gut microbial richness associated with the 


risk of metabolic syndrome related co-morbidities. Here we apply a 
similar analysis to contrast microbiota from 123 patients with liver cir- 
rhosis and 114 healthy counterparts of Han Chinese origin. 


Gene catalogue of gut microbes 


We constructed a gene catalogue from 98 Chinese patients with liver 
cirrhosis and 83 healthy Chinese control individuals (Supplementary 
Table 1) using the methodology developed by MetaHIT. The liver cirrho- 
sis catalogue contained 2,688,468 non-redundant open reading frames 
(ORFs). We compared it with three other gut microbial catalogues: 
MetaHIT”, HMP” and T2D. To facilitate this comparison, genes were 
predicted from the original contigs using the same criteria. The MetaHIT 
catalogue contained 3,452,726 genes, HMP 4,768,112 genes and T2D 
2,148,029 genes. In total 674,131 genes were common to all catalogues 
(Extended Data Fig. 1a). The liver cirrhosis catalogue, MetaHIT, HMP 
and T2D gene sets contained 794,647, 1,419,517, 2,620,096 and 623,570 
unique genes, respectively. Genes from the liver cirrhosis, T2D and 
MetaHIT catalogues were merged; the HMP was not included, as it 
contained Sanger, 454 or Illumina-based 16S sequences, in addition to 
whole metagenomic data. The merged non-redundant catalogue con- 
tained 5,382,817 genes (Extended Data Fig. 1b). 


Phylogenetic profiles of gut microbes 

The sequencing reads (36.67%) were aligned against 4,398 reference 
genomes from the National Center for Biotechnology Information and 
the HMP (Supplementary Table 2). After correction for population strat- 
ification that could be related to non-liver cirrhosis-related factors (see 
Methods), the relative abundances of phylum, class, order, family, genus 
and species between liver cirrhosis and control groups were compared 
(Extended Data Fig. 2). Phylotypes with a median relative abundance 
larger than 0.01% of the total abundance in either the healthy control 
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group or the liver cirrhosis group were included for comparison. At the 
phylum level, Bacteroidetes and Firmicutes dominated the faecal micro- 
bial communities of both groups (Fig. 1a, b). Compared with healthy 
controls, patients with liver cirrhosis had fewer Bacteroidetes (Fig. 1a), 
but higher levels of Proteobacteria and Fusobacteria (Fig. 1b). 

At the genus level, Bacteroides was the dominant phylotype in both 
groups, but was significantly decreased in the liver cirrhosis group. Of 
the remaining genera, Veillonella, Streptococcus, Clostridium and Prevotella 
were enriched in the liver cirrhosis group, while Eubacterium and Alistipes 
were dominant in the healthy controls (Fig. 1a, b). The most abundant 
species in both liver cirrhosis and the healthy control groups were pri- 
marily from the Bacteroides genus. Of the 20 species that increased the 
most in abundance in the liver cirrhosis group, four were Streptococcus 
spp. and six were Veillonella spp., suggesting that the two genera might 
play an important role in liver cirrhosis. Of the species that decreased 
the most in abundance in the liver cirrhosis group, 12 were Bacteroidetes 
and seven were Firmicutes, specifically from the order Clostridiales. 


Gut microbial species associated with cirrhosis 

Our investigation included two phases. The first was discovery, where 
we compared 98 patients with liver cirrhosis and 83 healthy controls. 
The second was validation, with additional 25 patients and 31 controls. 
In the discovery phase, a Wilcoxon rank-sum test corrected for mul- 
tiple testing by the Benjamini and Hochberg method was used to iden- 
tify differentially abundant genes in patients and controls. Ata stringent 
threshold (false discovery rate (FDR) < 0.0001), 75,245 genes were found: 
49,830 were more abundant in the patients and 25,415 in the controls 
(Methods). Patients and controls could be clearly separated by princi- 
pal component analysis based on the 75,245 genes; this was confirmed 
with the validation samples (Supplementary Table 3 and Extended Data 
Fig. 1c). 


To explore further the microbial genes associated with liver cirrhosis 
we grouped them into clusters, denoted metagenomic species (MGS) 
here, on the basis of their abundance profiles””*°. Of the 66 MGS, 38 and 
28 were enriched in healthy individuals and patients, respectively. The 
significantly different abundance distribution between healthy and liver 
cirrhosis subjects is shown in Fig. 2 and Supplementary Table 4. A majority 
(82%) were also differentially abundant in the validation cohort (q < 0.05), 
in spite of the reduced statistical power due to the smaller cohort size. 

Composition of bacterial communities varies considerably as a func- 
tion of the overall gene richness”””* and the loss of richness is associated 
with obesity and IBD’’”**". A large majority of the 38 MGS enriched in 
the healthy individuals (33, 86.8%) was correlated with the richness at 
q< 10 * in the Chinese cohort; 26 of these (78.8%) were similarly cor- 
related in a Danish cohort (Extended Data Fig. 3). These observations 
indicate that gut communities of bacteria in healthy individuals across 
continents may be largely similar. Furthermore, gene richness was much 
lower in patients with liver cirrhosis than in healthy individuals (on 
average 389,000 and 497,000 genes, respectively; Supplementary Table 5 
and Extended Data Fig. 4, top left). Interestingly, among the species 
enriched in healthy Chinese, were Faecalibacterium prausnitzii, which 
has anti-inflammatory properties and was found in a ‘healthy’ gene-rich 
microbiome”’”*, and Coprococcus comes, which might contribute to gut 
health through butyrate production. A similar butyrate production role 
may be played by three Lachnospiraceae and five Ruminococcaceae 
enriched in healthy individuals. A lower abundance of these species in 
patients with liver cirrhosis indicates that these individuals have a less 
healthy gut microbiome. 

Most interestingly, a high proportion of MGS enriched in patients 
belong to taxa such as Veillonella (n = 8) or Streptococcus (n = 6), known 
to include species of oral origin (Supplementary Table 4). However, the 
small intestine also harbours such species” and small-intestinal bacterial 
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Figure 1 | Differentially abundant phyla in patients (n = 98) and healthy 
individuals (n= 83). The phylotypes decreased (a) and increased (b) in 
patients with liver cirrhosis at the phylum, genus and species levels. Blue and 
red represent healthy controls and patients with liver cirrhosis, respectively. 
Only the 20 most abundant species in each group are shown for clarity. The 
phylotypes with median relative abundances greater than 0.01% of total 
abundance in either the healthy control group or the liver cirrhosis group are 
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included (FDR < 0.01, Wilcoxon rank-sum test corrected by the Benjamini and 
Hochberg method). The boxes represent the interquartile range (IQR), from the 
first and third quartiles, and the inside line represents the median. The whiskers 
denote the lowest and highest values within 1.5 IQR from the first and third 
quartiles. The circles represent outliers beyond the whiskers. The notches show 
the 95% confidence interval for the medians. If the notches of two boxes do not 
overlap, it gives evidence of a significant difference between the medians. 
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Figure 2 | Differentially abundant MGS in patients (n = 123) and healthy 
individuals (n = 114). a, Abundance of 50 ‘tracer’ genes for each species in the 
discovery (“patients = 98, Mheatthy = 83) and validation cohorts (“patients = 25; 
Mhealthy = 31); oral species are highlighted in red. Genes are in rows, abundance 
is indicated by colour gradient (white, not detected; red, most abundant); the 
enrichment significance is shown (q indicates the Mann-Whitney P values 
corrected by the Benjamini and Hochberg method). Individuals are shown in 
columns, ordered by increasing abundance of patient-enriched species. 
Correlation of the species abundance and patients’ clinical parameters in the 
discovery cohort are indicated in colour code (red and blue for positive and 
negative correlations; intensity reflects the level of correlation). MELD, model 
for end-stage liver disease; CTP, Child-Turcotte-Pugh score; TB, total 
bilirubin; PT, prothrombintime test; INR, international normalized ratio 


overgrowth is frequently found in patients with liver cirrhosis. To 
explore the origin of the patient-enriched species, we used information 
from the HOMD™ and GOLD™® databases about the origin of the closely 
related sequenced isolates. We also constructed a catalogue of 114 pub- 
licly available genomes for Streptococcus, Fusobacterium, Lactobacillus, 
Veillonella and Megasphaera strains, originating mostly from mouth 
or gut (57 or 28, respectively; Supplementary Table 6) and used it for 
blastN and blastP analysis (Methods). Thirteen of the species were closest 
to an oral isolate whereas only six were closest to the gut isolates, a single 
species being from the ileum (Supplementary Table 4 and Extended Data 
Fig. 4, top right). Comparison with the three ileum metagenomes failed 
to reveal identity above that detected by comparison with the sequenced 
genomes (Methods). We conclude that oral commensals invade the gut 
in patients with liver cirrhosis. Possibly, an altered bile production in 
cirrhosis renders the gut more permissible and/or accessible to ‘foreign’ 
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describing coagulation of the blood in patients with liver cirrhosis; Crea, 
creatinine level; Alb, albumin level. b, Top, clinical parameters of patients for 
the lowest and highest patient-enriched species abundance (LPA and HPA, 
respectively; n = 24 for each). P values indicate the significance of the difference 
by Mann-Whitney U-test except MELD (Student’s t-test). Middle and bottom, 
abundance-based species correlation network enriched in patients with liver 
cirrhosis (n = 25) and healthy individuals (n = 33), respectively. Two nodes are 
linked if the pooled variance z-test shows an FDR < 10° when accounting 
for the compositionality effect (see Methods). The edge width is proportional to 
the correlation strength. The node size is proportional to the mean abundance 
in the respective population. Nodes with the same colour are classified in the 
same phylogenetic order level. 


bacteria, as bile resistance may be required for survival in the human 
gut*°°’. As patient-enriched MGS include pathogens such as Campylo- 
bacter and Haemophilus parainfluenzae, these also might use the oral 
route to invade the gut, possibly via contaminated food. The invasion 
species foreign to the niche may occur not only in the colon but also in 
the ileum, and contribute to the small-intestinal bacterial overgrowth 
associated with liver cirrhosis. Among the patient-enriched species were 
Streptococcus anginosus, Veillonella atypica, Veillonella dispar, Veillonella 
sp. oral taxon and Clostridium perfringens, which have been reported 
to cause opportunistic infections**°. 

To analyse the relations between the liver-cirrhosis-associated MGS, 
we generated networks based on co-abundance, for healthy individuals 
and patients with liver cirrhosis (Fig. 2b). A striking feature is that tax- 
onomically related species tend to cluster, as reported previously”. These 
observations indicate that the gut environment becomes permissive for 
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the development and maintenance of the related taxa in many indivi- 
duals. Obviously, taxonomically unrelated species can also thrive in such 
environments, as observed with Campylobacter concisus, H. parainflu- 
enzae or Fusobacterium, which tend to be associated with Veillonella in 
patients. The overall abundance of species enriched in patients reached 
high levels, exceeding 5% in over a quarter and approaching the extreme 
of 40%, whereas it was very low in healthy individuals (Extended Data 
Fig. 4, bottom). Interestingly, the severity of the disease was positively 
correlated with the abundance ofa number of MGS enriched in patients 
and negatively correlated with those of the MGS enriched in controls 
(and therefore under-represented in patients; Fig. 2a). The disease status 
of the patients with the highest load of these bacteria was significantly 
worse than that of the patients with the lowest load (Fig. 2b, top). Sucha 
‘dose response’ is consistent with an active role of the enriched species 
in liver cirrhosis. 


Microbial functions enriched in liver cirrhosis 


To investigate the functional role of the gut microbiota in liver cirrhosis, 
we identified 4,801 KEGG (Kyoto Encyclopedia of Genes and Genomes 
database) orthologues and 13,970 eggNOG (evolutionary genealogy of 
genes: Non-supervised Orthologous Groups database) orthologues asso- 
ciated with the disease (Supplementary Tables 7 and 8). The most abun- 
dant KEGG orthologues in patients and controls were enzyme families. 
The most enriched orthologues in patients were membrane transport, 
similar to findings for IBDs'*”°, obesity*’ and T2D~. In contrast, the 
most prevalent markers among the controls included those involved in 
carbohydrate metabolism, amino-acid metabolism, energy metabolism, 
signal transduction and the metabolism of cofactors and vitamins (Ex- 
tended Data Fig. 5). At the module or pathway level, the liver-cirrhosis- 
associated markers included assimilation or dissimilation of nitrate to 
or from ammonia, denitrification, GABA (y-aminobutyric acid) biosyn- 
thesis, GABA shunt, haem biosynthesis, phosphotransferase systems and 
some types of membrane transport, such as amino-acid transport. The 
control-enriched modules included histidine metabolism, ornithine bio- 
synthesis, creatine pathway, carbohydrate metabolism, repair systems and 
glycosaminoglycan metabolism (Supplementary Table 9). 

The enrichment of the modules for ammonia production in patients 
suggests a potential role of gut microbiota in hepatic encephalopathy, a 
complication related to liver cirrhosis that is characterized by hyper- 
ammonemia. Overproduction of ammonia by gut bacteria might con- 
tribute to increased levels of ammonia in blood. Manganese-related 
transport system modules enriched in patients possibly contribute to 
the changes in concentrations of manganese. The accumulation of man- 
ganese within the basal ganglia in patients with end-stage liver disease 
may havea role in the pathogenesis of chronic hepatic encephalopathy™, 
a main complication of liver cirrhosis. The hydrodynamic venous shunt 
and liver failure could promote this accumulation, which, in turn, causes 
metabolic disorders of the nerve cell enzymes, affects transmission func- 
tion of neural synapses and eventually leads to hepatic encephalopathy”. 
Finally, the modules for GABA biosynthesis were enriched in the patients. 
The GABA neurotransmitter system is involved in the pathogenesis of 
hepatic encephalopathy in humans**. Because of the hydrodynamic 
venous shunt and liver failure, GABA levels in the blood are increased, 
and could go through the blood-brain barrier to activate GABA recep- 
tor and cause hepatic encephalopathy. Microbiome modulation, aim- 
ing at manganese elimination and lowering of GABA levels in the gut, 
might provide a new therapeutic option for the treatment of hepatic 
encephalopathy. 


Microbial dysbiosis in chronic diseases 

It is unclear whether a gut microbial dysbiosis in type 2 diabetes (T2D)”, 
IBD“! and liver cirrhosis’ is similar or unique for each disease. We com- 
pared the differences between the gut microbiota from patients with 
liver cirrhosis, T2D and IBD, and organized the disease-associated gene, 
KEGG orthologue group and eggNOG orthologue group markers into 
patient- and control-enriched groups. We then identified markers common 
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to different disease pairs (T2D and liver cirrhosis, liver cirrhosis and 
IBD, and IBD and T2D) and to the three diseases (Supplementary 
Table 10). Different diseases displayed a relatively unique profile, even 
if some markers were shared (Extended Data Fig. 6a, b). Most liver- 
cirrhosis-enriched markers had low P values (Extended Data Fig. 6c), 
implying that patients with liver cirrhosis had more severe dysbiosis 
than patients with T2D. Functional differences between liver cirrhosis 
and T2D were also detected at the pathway level, even if there was a sig- 
nificant increase in membrane transport markers in both (Extended 
Data Figs 7 and 8). Most functional markers in both diseases were from 
categories of carbohydrate metabolism, metabolism of cofactors and 
vitamins, amino-acid metabolism and signal transduction. In contrast, 
most cell motility markers in the KEGG orthologue group were enriched 
in liver cirrhosis or T2D but not both, possibly indicating a unique role 
in each disease (Extended Data Fig. 8a, b). However, similar cell motility 
markers and pathways in the KEGG orthologue group were enriched 
both in liver cirrhosis and in T2D controls, suggesting a possible role 
in health (Extended Data Figs 8c, d and 9a, b). 


Gene markers that identify patients with liver cirrhosis 


We used a pattern recognition technique to identify patients by gut mic- 
robiota information in the discovery cohort (n = 181). For this we selected 
46,000 genes, half enriched in patients and half in controls (Supplemen- 
tary Table 11). From this set we selected 15 optimal gene markers by a 
minimum redundancy-maximum relevance (mRMR) method combined 
with an incremental feature search, which showed the highest value of 
Matthews correlation coefficient (Extended Data Fig. 9c). A support 
vector machine discriminator was constructed using the same samples 
and 15 gene markers (Supplementary Table 12), with the training and 
leave-one-out cross-validation AUC (area under the receiver operating 
characteristic curve) achieving 0.918 (confidence interval: 0.881-0.955) 
(Fig. 3b) and 0.838, respectively. The validation cohort of 31 healthy 
controls and 25 patients with liver cirrhosis showed an AUC value of 
0.836 (95% confidence interval 0.730-0.943) (Fig. 3c) for these samples, 
confirming that the gut microbiota information could be applied to iden- 
tify patients accurately. 

To facilitate the clinical application of the 15 optimal gene markers, 
we propose a patient discrimination index (PDI). The high correlation 
coefficient value between the ratio of patients in our cohort and the PDI 
(Fig. 3a and Supplementary Table 13) indicates that the PDI could be 
used to identify patients with liver cirrhosis. The discriminatory power 
of the PDI was then validated using an independent group (Fig. 3d). 
The average PDI index between the control and the patient groups was 
significantly different (P < 8.18 x 10°, Wilcoxon rank-sum test), con- 
firming the potential use of gut microbiota information for identifying 
patients with liver cirrhosis. 


Discussion 


To study gut microbiota in liver cirrhosis we first established a novel gut 
gene catalogue (liver cirrhosis catalogue), including 98 patients with liver 
cirrhosis and 83 healthy control individuals. Comparison with the previ- 
ously established MetaHIT and T2D” gene catalogues indicated a com- 
mon core of approximately 800,000 genes and a considerable propor- 
tion of catalogue-specific genes (37.01% of MetaHIT, 36.59% of T2D 
and 18.02% of liver cirrhosis), indicating that the current gene sets are 
still limited and should be completed by inclusion of more individuals. 
Interestingly, although the T2D and liver cirrhosis gene sets are both 
derived from Chinese populations, the number of unique genes in each 
gene set was large. This might be due to the difference in disease profiles 
and to the different genotypes, body mass indices, age* and dietary 
habits*® (Supplementary Table 14 and Extended Data Fig. 10). Never- 
theless, there was no significant difference in the abundance of main 
phyla (P > 0.01); of the top 30 most abundant genera and species, 28 and 
26, respectively, were the same in both studies, and there were no signi- 
ficant differences in abundance for most of them. Furthermore, the top 
four species were exactly the same. These results, and the similarity of 
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Figure 3 | PDI on the basis of gut microbial biomarkers. a, A PDI was 
calculated for each individual from 15 gene markers selected using the mRMR 
approach to evaluate the risk of liver cirrhosis. The filled blue circles show the 
distribution of liver cirrhosis indices for all individuals (bins of 0.5 PDI units 
were used; values less than —1.5 and greater than 3.5 were grouped). Inset, the 
proportion of patients with liver cirrhosis in the corresponding bins. b, c, The 
AUC is shown for the training (b) and validation (c) samples. d, The liver 
cirrhosis PDI was computed for an additional 25 liver cirrhosis samples and 31 
healthy control samples. The box depicts the interquartile range between the 
first and third quartiles (25th and 75th percentiles, respectively); the line inside 
denotes the median. Inset, the PDI without the outliers. 


controls with the healthy Danish population, point towards overall sim- 
ilarity of the microbiota in healthy individuals. 

Use of the liver cirrhosis gene catalogue, in conjunction with the quan- 
titative metagenomics approach, revealed a major change of the gut mic- 
robiota in the patients with liver cirrhosis, mainly because of a massive 
invasion of the gut by oral bacterial species. Correlation of the severity 
of the disease with the abundance of the invading species suggests that 
they may play an active role in the pathology. This was not noted ina 
previous study, where the 16S-based approach probably lacked the required 
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species-level resolution, even if similar trends in taxonomy change between 
the liver cirrhosis group and the healthy controls at the phylum, class 
and order levels were observed’*. Some of the MGS depleted in patients 
were negatively associated with the severity of the disease (Fig. 2). This 
opens avenues to the development of novel probiotics, which might help 
combat the aggravation of liver cirrhosis. More generally, modulation 
of microbiota to correct the major dysbioses we report might open new 
avenues to treatment of liver cirrhosis. 

A combination of 15 microbial genes discriminates patients with liver 
cirrhosis from healthy individuals, with a high specificity. This could 
lead to a new way of monitoring and preventing liver cirrhosis. None of 
the 15 markers found in the liver cirrhosis study overlapped with the 50 
markers found in the T2D study”, indicating that diagnosis of different 
diseases with microbiota-targeted biomarkers may be a powerful tool 
for disease detection. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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RNA G-quadruplexes cause elF4A- 
dependent oncogene translation in cancer 


Andrew L. Wolfe!**, Kamini Singh'*, Yi Zhong’, Philipp Drewe’, Vinagolu K. Rajasekhar‘, Viraj R. Sanghvi’, 

Konstantinos J. Mavrakis'+, Man Jiang’, Justine E. Roderick®, Joni Van der Meulen®, Jonathan H. Schatz7+, Christina M. Rodrigo®, 
Chunying Zhao!, Pieter Rondou’, Elisa de Stanchina’, Julie Teruya-Feldstein!®, Michelle A. Kelliher®, Frank Speleman®, 

John A. Porco wr8, Jerry Pelletier!!?-5, Gunnar Ritsch® & Hans-Guido Wendel! 


The translational control of oncoprotein expression is implicated in many cancers. Here we report an eIF4A RNA 
helicase-dependent mechanism of translational control that contributes to oncogenesis and underlies the anticancer 
effects of silvestrol and related compounds. For example, elF4A promotes T-cell acute lymphoblastic leukaemia devel- 
opment in vivo and is required for leukaemia maintenance. Accordingly, inhibition of elF4A with silvestrol has powerful 
therapeutic effects against murine and human leukaemic cells in vitro and in vivo. We use transcriptome-scale ribosome 
footprinting to identify the hallmarks of eIF4A-dependent transcripts. These include 5’ untranslated region (UTR) sequences 
such as the 12-nucleotide guanine quartet (CGG),4 motif that can form RNA G-quadruplex structures. Notably, among 
the most elF4A-dependent and silvestrol-sensitive transcripts are a number of oncogenes, superenhancer-associated 
transcription factors, and epigenetic regulators. Hence, the 5’ UTRs of select cancer genes harbour a targetable require- 


ment for the eIF4A RNA helicase. 


The activation of translation contributes to malignant transformation 
and is an emerging target for cancer therapies”. For example, oncogenic 
RAS, ERK and AKT stimulate cap-dependent translation via mTORC1 
and the eIF4E-binding protein (4E-BP)’. The initiation of cap-dependent 
translation involves a tightly controlled multi-protein initiation complex*. 
This includes the cap-binding protein eIF4E, which is abundantly ex- 
pressed in cancer and can transform fibroblasts and promote tumour 
development in vivo’**. Another key factor is the eIF4A RNA helicase, 
which has a role in scanning the messenger RNA 5’ UTR for a trans- 
lation start site and has been implicated in the translation of mRNAs 
with long and complex 5’ UTRs’. EIF4A is the molecular target for 
three distinct natural compounds—silvestrol, hippuristanol and patea- 
mine A—and these compounds show promising anticancer activity'"’. 
Recent studies have defined the helicase action of eIF4A, as well as its 
protein interactions’, and revealed eIF4A to have a role in microRNA 
action’. Exactly how elF4<A affects translation and which specific mRNA 
features necessitate its helicase activity have not been defined. 

Ribosome footprinting provides a snapshot of translation across the 
transcriptome™. It uses deep sequencing to identify ribosome-protected 
RNA fragments and compare them to total transcript levels. Among 
the various applications of this technology, the most relevant to this 
study concern the translational effects of mTORC1 inhibition’*"*. We 
use ribosome footprinting to identify eIF4A-dependent transcripts and 
their hallmark features. 


elF4A is an oncogene in T-ALL 


NOTCH-driven T-cell acute lymphoblastic leukaemia (T-ALL) exem- 
plifies the activation of AKT/mTORC1 and cap-dependent translation 


in cancer. In 36 paediatric T-ALL samples we find PTEN mutations 
(14%) and deletions (11%)'’, NOTCH mutations (56%)'* and an IL7R 
mutation (3%)’? (Extended Data Fig. la-c and Supplementary Table 1). 
These genetic lesions promote T-ALL development in a murine T-ALL 
model (Fig. 1a)”°. Notch causes T-ALL with a mean latency of 91.5 days 
(n = 14), knockdown of Pten or expression of the mutant I]7r/p.Leu242_ 
Leu243insAsnProCys accelerates disease onset (Pten, 47.1 days, n = 10, 
P< 0.0001; Il7r, 35.5 days, n = 4, P< 0.0001). Remarkably, express- 
ion of eIF4E or eIF4A1 similarly accelerates leukaemia development 
(eIF4E, 30.75 days, n = 4, P< 0.0001; eIF4A1, 33.8 days, n=5, P< 
0.0001) (Fig. 1b and Extended Data Fig. 1d). All T-ALLs are CD4/CD8 
double positive, and increased ribosomal S6 phosphorylation indicates 
mTORC1 activation in Pten-deficient and Il7r-expressing T-ALLs (Ex- 
tended Data Fig. 1d, f-i). EIF4E and eIF4A1 are required to maintain 
T-ALL and cells expressing a constitutive 4E-BP1-encoding allele (4E- 
BP1(4A))” or an eIF4A1 knockdown construct are rapidly eliminated 
from mixed populations (Fig. 1c, d and Extended Data Fig. le) (P= 
0.000002, vector versus 4E-BP1(4A); P = 0.000008, vector versus short 
hairpin RNA (shRNA)-targeted eIF4A (sheIF4A)). 

Silvestrol and a synthetic analogue, (+)-CR-31-B, inhibit eIF4A1/2 
(Extended Data Fig. 2a, b)'’’*. A reporter assay confirms that both 
drugs preferentially block cap-dependent translation of Renilla luci- 
ferase compared to firefly luciferase expressed from the hepatitis C 
virus (HCV) internal ribosome entry site (IRES) (Fig. 2a and Extended 
Data Fig. 2c). Silvestrol induces cell death in primary human T-ALL 
samples, cell lines, and murine T-ALLs at nanomolar half-maximum in- 
hibitory concentration (IC; 9) values (Fig. 2b and Extended Data Fig. 2d, e). 
In vivo, silvestrol is effective against murine or xenografted T-ALLs 
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Figure 1 | e[F4A promotes T-ALL development in vivo. a, Diagram of the 
intracellular NOTCH1 (ICN)-driven murine T-ALL model. HPCs, 
hematopoietic progenitor cells. b, Kaplan-Meier analysis showing time to 
leukaemia development after transplantation of HPCs transduced with 
NOTCH1-ICN and empty vector (black, n = 14), eIF4E (green, n = 4), eIF4A1 
(red, n = 5), IL7r p.Leu242_Leu243insAsnProCys (blue, n = 4), shPten 
(orange, n = 10). c, Experimental design of competition experiments. d, Results 
as percentage of each starting GFP-positive population of murine T-ALL 
cells partially transduced with vector/GFP, sheIF4A or 4E-BP1(4A). 

CR, (+)-CR-31-B. Mean and standard deviation (s.d.) are shown, n = 3 
biological replicates. 


(Fig. 2c and Extended Data Fig. 2f-h). In KOPT-K1 tumour-bearing 
(~1cm*) NOD/SCID mice, treatment with silvestrol (0.5 mg kg, 
intraperitoneal (ip.), days 0-6, n= 7, P<0.001) or (+)-CR-31-B 
(0.2 mgkg ', ip., days 0-6, n = 8, P< 0.001) delays tumour growth, 
and causes apoptosis and cell cycle arrest (Fig. 2c, dand Extended Data 
Fig. 2g, h). Detailed toxicology shows that this treatment is well-tol- 
erated in mice (Extended Data Fig. 3a—j and Supplementary Table 2). 
Rapamycin induces an S6 kinase-dependent feedback activation of AKT 
(T308)”; by contrast, silvestrol or (+)-CR-31-B does not trigger this 


66 | NATURE | VOL 513 | 4 SEPTEMBER 2014 


a Renilla 2 Firefly b 


cap HCV IRES 


—@-T-ALL-x-6 9 PTEN*~ 
—@-T-ALL-x-14. ND 
—@®- T-ALL-x-13_ PTEN*~ 


100 —@- T-ALL-x-12  PTEN*/* 

100 ; 80 —@- T-ALL-x-15  PTEN*/* 
mw IRES/Firefly —@-T-ALL-x-9  PTEN*/- 

15 mcap/Renilla —@-T-ALL-x-7 PTEN*/* 


T-ALL-x-11_ ND 


Viability (%) 
[o>] 
oO 


Luciferase activity (%) 


40 
50 
20 
25-4 0 
6 (e) 10 100 1,000 
7 Silvestrol (nM) 
& RS & ilvestrol (nM) 
Ss a 
eN 
c d 
KOPT-K1 xenografts wi 
See P=0.001 Vehicle EJ 
oO 
€ 
= 
re) 
> Ni 
2 © 
2 x 
=I 
ra 
(4)-CR-31-B 
05 T T T T T T 4 
0 1 2 3 4 5 6 yu 
tttt ttt = 
= 
Time (days) 
e f KOPT-K1 


()-CR- 
Veh Rapa 31-B Silv 


p-AKT $308 — = 


ie _— 

AKT targets 
Gartorci) -— Rapamycin p-S6 = (J 
-_ ———_____) 


BCL2 |e ie see ee 


Figure 2 | Silvestrol has single-agent activity against T-ALL. a, Reporter 
system with capped Renilla luciferase (red) and Firefly luciferase under the 
HCV IRES (black). Bottom, relative levels of Renilla luciferase (red) and Firefly 
(black) luciferase upon vehicle (dimethylsulphoxide (DMSO)), silvestrol, or 
(+)-CR-31-B treatment. Mean and s.d. is shown; n = 3 biological replicates. 
b, Viability of primary patient T-ALL samples treated with silvestrol (48 h; 
mean and s.d. of 4 replicates is shown). ND, not done. c, Tumour size of KOPT- 
K1 xenografts treated with (+)-CR-31-B (0.2 mgkg ') or vehicle. Mean and 
s.d. of 5 tumours is shown. d, Immunohistochemical analysis of (+)-CR-31-B- 
treated KOPT-K1 tumours. H&E, haematoxylin and eosin; TUNEL, TdT- 
mediated dUTP nick end labelling. e, Diagram of drug targets. f, Lysates of 
KOPT-K1 cells treated with vehicle (Veh), rapamycin (Rapa; 25 nM), (+)-CR- 
31-B (CR; 25 nM), or silvestrol (Silv; 25 nM) for 48h and probed as indicated. 
p, phosphorylated. 


cap” mRNA 


response in KOPT-K1 cells (Fig. 2e, f). This result implies that inhibi- 
tion of eIF4A is effective without having an effect on S6 kinase. 


Ribosome footprinting 


For footprinting studies, we treated KOPT-K1 cells with 25 nM of silves- 
trol or vehicle for 45 min, then deep-sequenced total RNA and ribosome- 
protected RNA (Fig. 3a)'*. We removed reads mapping to ribosomal 
RNAs, non-coding RNAs, library linkers and incomplete alignments 
(Extended Data Fig. 4a, b). The majority of the remaining reads bet- 
ween 25-35 nucleotides in length mapped to protein-coding genes (Ex- 
tended Data Fig. 4c, d). The total number of ribosome footprint reads 
that mapped to exons was 3.2 million in control-treated and 3.4 million 
in silvestrol-treated samples, and this corresponded to ~ 11,128 protein- 
coding genes. Ribosome footprint reads showed a wider variation 
between control and silvestrol groups than the total RNA sequences, 
indicating minimal transcriptional variation (Extended Data Fig. 4e). 
The number of ribosomes occupying any transcript is given as gene- 
specific ribosome footprint reads per one million total reads (RPM). 
The RPM frequency distribution in control and silvestrol samples was 
overlapping, indicating that silvestrol equally affected mRNAs with high 
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Figure 3 | Ribosome footprinting defines the effects of silvestrol on 
translation. a, Schematic of the ribosome footprinting study. RNA-seq, RNA- 
sequencing. b, Frequency distribution of the ratio of TE in control and 
silvestrol-treated samples (TEgivestro/TEcontroi): More or less affected mRNAs 
are identified as TE down (red) and TE up (blue), respectively; n = 2 replicates. 
c, Ribosome distribution for 62 TE down and rDiff-positive transcripts upon 
silvestrol (red) or vehicle (black) treatment. Ribosome footprint coverage 
and transcript length are normalized, blue indicates translation start and stop 
sites. d, Comparison of 5’ UTR lengths for TE down versus background genes. 
Mathematical density is scaled such that all values on the x-axis sum to 1. 
Red, TE down; black, background genes. Asterisks indicate mean value, n = 2 
replicates. e, Prevalence of the indicated 5’ UTR motifs among the TE down 
and background genes. NS, not significant (P > 0.05). f, Twelve-nucleotide 
motif enriched in TE down genes (P = 2 X 10— ny; g, The three most common 
9-nucleotide motifs in TE down genes. h, Enrichment of 12-nucleotide (12-mer) 
and 9-nucleotide (9-mer) motifs in the rDiff gene set. Bknd, background. 


and low ribosome occupancy (Extended Data Fig. 4f). Polysome ana- 
lysis and metabolic labelling with L-azidohomoalanine (AHA) con- 
firmed an inhibitory effect on translation (AHA: silvestrol ~60%, 
P=3.6 X 10 °, silvestrol versus vehicle; cycloheximide 80%, P = 2 
X 10 *, cycloheximide versus vehicle) (Extended Data Fig. 4g, h). The 
translational efficiency (TE) for each mRNA is calculated by normal- 
izing the ribosome footprint frequency to transcript length and total 
transcript abundance (reads per kilobase per million reads (RPKM)). 
RPKM values for ribosome footprints from vehicle and silvestrol sam- 
ples were correlated (R* = 0.94), indicating an overall inhibitory effect 
(Extended Data Fig. 4i). 

We developed the differential-expression-normalized ribosome occu- 
pancy (DERseq; based on DEXseq”) algorithm to identify mRNAs that 
were most strongly affected by silvestrol. We used a cut-off at P< 0.03 
(Z-score > 2.5) to define groups of mRNAs whose translational efficiency 
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was the most (TE down; red) or least (TE up; blue) affected by silvestrol 
compared to background (grey) (Fig. 3b and Supplementary Table 3a-c). 
The TE down group includes 281 mRNAs (220 with annotated 5’ UTRs), 
TE up includes 190 mRNAs, and the background list includes 2,243 
mRNAs. The footprinting methodology also provides positional infor- 
mation and the rDiff algorithm identifies mRNAs with significant shifts 
in ribosome footprint distribution”’. For example, silvestrol caused an 
accumulation of ribosome footprints in the 5’ UTR of 847 protein- 
coding transcripts (rDiff positive genes; 641 with annotated 5’ UTRs, 
P<0.001) (Supplementary Table 3d). Sixty-two transcripts showed 
both decreased TE and altered ribosome footprint distribution, whereas 
we observed no change in distribution among TE up genes (Fig. 3c, Ex- 
tended Data Fig. 5a—-c and Supplementary Table 3e). 


The (CGG),4 motif marks eIF4A-dependent mRNAs 


We compared the TE up, TE down and background groups (Supplemen- 
tary Table 3a—c), and confirm that mRNAs with longer 5’ UTRs were 
significantly enriched in the TE down group (mean UTR length, 368 
nucleotides in TE down; 250 nucleotides in background, P = 7.6 X 10— te 
silvestrol versus control, by two-sample Kolmogorov-Smirnov) (Fig. 3d). 
The TE up group showed no difference in 5’ UTR length (265 nucle- 
otides; P = 0.165, silvestrol versus control) (Extended Data Fig. 4j). 
We found no predilection for known regulatory elements in the TE 
down group; these included TOP”*, TOP-like sequences’*, IRES”’ and 
pyrimidine-rich translational elements (PRTEs)”® (Fig. 3e). The TE up 
group showed the expected enrichment in IRES elements (Extended 
Data Fig. 4k). Using the DREME algorithm’* ,we found a striking en- 
richment of a 12-nucleotide (CGG), motif and related but shorter 
9-nucleotide motifs among the 220 TE down genes (Fig. 3f, g and Sup- 
plementary Table 4a, b). Both the 12-nucleotide and 9-nucleotide motifs 
were significantly enriched over background and their frequency was 
significantly higher than expected merely by the longer UTR length 
(P<2.2 X 10 1°, one-sided binomial test) (Fig. 3h). We found no 
enriched motifin the TE up group. Transcripts with an altered ribosome 
footprint distribution (rDiff positive) showed similar features. These 
included longer 5’ UTRs (rDiff, mean 271 nucleotides versus back- 
ground: mean 230 nucleotides; P = 0.004) (Extended Data Fig. 5d) 
and absence of enrichment for TOP, TOP-like, PTRE or IRES elements 
(Extended Data Fig. 5e). Notably, we again identified the 12-nucleotide 
motif seen in the TE analysis but shifted by one nucleotide (Extended 
Data Fig. 5fand Supplementary Table 4c), along with 9-nucleotide var- 
iants, highly significantly enriched in the rDiff positive set compared to 
background (P = 2.2 X 10 '°) (Extended Data Fig. 5g and Supplemen- 
tary Table 4d). 


The (CGG),4 motif corresponds to G-quadruplexes 


We noticed that in many instances the 5’ UTR motifs coincided with 
computationally predicted G-quadruplex structures”. For example, 51% 
of the 12-nucleotide (CGG),4 sequences and 43% of the most common 
9-nucleotide motifs localized precisely to the G-quadruplex structures— 
the ADAM10 5’ UTR provides an example (Fig. 4a, b, Extended Data 
Fig. 6a and Supplementary Table 4e-k). G-quadruplex structures form 
by non-Watson-Crick interactions between paired guanine quartets 
connected by at least one linker nucleotide (A or C) ina parallel or anti- 
parallel orientation. Accordingly, G-quadruplex structures were signifi- 
cantly enriched among TE down genes and 79 of 220 TE down tran- 
scripts harboured at least one G-quadruplex (P = 2 x 107 '') (Fig. 4a-c 
and Supplementary Table 4e-k). 

We confirmed by circular dichroism that the 12-nucleotide and ex- 
tended 9-nucleotide sequence motifs form G-quadruplexes. Briefly, 
we compared the molar ellipticity of RNA oligomers encoding the 12- 
nucleotide and the 9-nucleotide motifs to a known G-quadruplex ele- 
ment in human telomeric RNA”* and a randomly organized oligomer 
with equal GC content and length. The 9-nucleotide sequences included 
either two (oligonucleotide 1) or five (oligonucleotide 2) flanking nu- 
cleotides as seen in the 5’ UTRs of MTA2, TGFB1, MAPKAP1 and 
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ADAM10 5’ UTR 


Figure 4 | G-quadruplex structures confer 
eIF4A-dependent translation. a, Bar graph 
indicating the motif prevalence and likelihood of 
forming G-quadruplexes (GQs; red). b, The 
ADAMI1O0 5’ UTR illustrates 12-nucleotide and 
9-nucleotide motifs and G-quadruplexes. 
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ADAM10 (Supplementary Table 5). The human telomeric sequence, 
the 12-nucleotide motif, and the 9-nucleotide motifs showed typical 
positive and negative molar ellipticity peaks at 264nm and 240 nm, 
indicating parallel G-quadruplex structures. By contrast, the random 
oligomer had a shift in peak wavelengths (270 and 233 nm) (Fig. 4d, e 
and Extended Data Fig. 6b). This effect was dependent on the presence 
of potassium and was abrogated in sodium phosphate buffer without 
potassium (Extended Data Fig. 6c). Circular dichroism combined with 
thermal unfolding revealed that under potassium conditions the melt- 
ing temperature for the 12-nucleotide motif was higher (56 °C) than 
the random oligomer (49 °C), corresponding to a free energy difference 
of —32 kcal mol ' (Fig. 4f). Similarly, computational modelling of com- 
plete 5’ UTRs with increasing numbers of motifs showed a decrease of 
the predicted minimum free energy when the 5’ UTR is allowed to fold 
into G-quadruplexes (Fig. 4g). Hence, the 12-nucleotide and some of the 
9-nucleotide motifs can form energetically favourable G-quadruplex 
structures (Fig. 4h). 

Next, we tested the 12-nucleotide (CGG), motif in a translation assay. 
We constructed a reporter system to compare four 12-nucleotide motifs 
in tandem (G-quadruplex construct) to a random sequence of equal 
length and GC content (control construct), using IRES firefly luciferase 
as an internal control (Fig. 4i). Treatment with silvestrol (25 nM) reduced 
the translation of the G-quadruplex construct and did not affect the 
control construct. Hippuristanol and pateamine A had identical effects 
(Extended Data Fig. 6d), whereas cycloheximide (20 nM) suppressed 
both reporters (Fig. 4j, k). Other RNA helicases (DHX9, DHX36) may 
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resolve G-quadruplex structures*’*'. However, we find predominant 
expression of e[F4A2 in T-ALL”, and knockdown confirms an eIlF4A- 
dependent effect on the G-quadruplex reporter (Fig. 41 and Extended 
Data Fig. 6e). Conversely, increased expression of eIF4A or a silvestrol- 
binding-site mutant of eIF4A (P159Q)** renders the G-quadruplex 
reporter insensitive to silvestrol (Extended Data Fig. 6f). Hence, eIF4A 
is limiting for the translation of mRNAs harbouring G-quadruplexes 
in their 5’ UTRs. 


Transcripts affected by silvestrol 


The silvestrol-sensitive transcripts (TE down and rDiff gene lists) in- 
clude many genes with known roles in T-ALL (Fig. 5a, b). The indi- 
vidual ribosome footprint distribution graphs (normalized for mean 
ribosome footprint count and gene length) illustrate recurrent patterns 
and also variations (Extended Data Fig. 7a). For example, the MYC, 
MDM2and RUNX1 transcripts harbour multiple motifs in their 5’ UTRs 
that correspond to peaks in ribosome footprint density, whereas house- 
keeping genes show no changes in ribosome footprint profiles. Gene 
ontology reveals a preponderance of transcription factors and onco- 
genes, but also some tumour suppressors (Extended Data Fig. 7b). Fur- 
thermore, we note a significant enrichment of superenhancer-associated 
genes**—mostly transcription factors like NOTCH1, MYC, MYB, ETS1 
and others (Fig. 5c, Extended Data Fig. 7c and Supplementary Table 6). 

We confirmed the effects of silvestrol (25 nM for 24 h) on key target 
proteins (Fig. 5d and Extended Data Fig. 7a). The effect on the MYC 
protein was especially striking; it lasted for up 48h, and was readily 
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Figure 5 | Many oncogenes and transcription factors require eIF4A for 
translation. a, TE down genes ranked by TE (red, up to P = 0.01, see Fig. 3b). 
b, rDiff genes ranked by significance (up to P = 0.001, see Fig. 3c). c, Genes 
associated with superenhancers in T-ALL cells are enriched among TE down 
and rDiff gene sets. Bknd, background. *P < 0.05. Mean and s.d. are shown. 
d, Immunoblots of lysates from human T-ALL lines treated with silvestrol 
(25 nM, 24h) and probed as indicated. e, Time-course analysis of protein 
expression in KOPT-K1 cells treated with (+)-CR-31-B (CR; 25 nM) for the 
indicated number of hours. f, Immunoblot on (+)-CR-31-B- or vehicle-treated 
KOPT-K1 xenografts, probed as indicated. g, Competition experiment (as in 
Fig. 1c, d) showing the percentage of each starting GFP-positive population 
of murine T-ALL cells partially transduced with the indicated constructs and 
treated with silvestrol (Silv.). *P < 0.05, n = 3 biological replicates, error bars 
indicate standard deviation. h, Diagram showing an elF4A-dependent 
mechanism of translational control. RF, ribosome footprint. 


detected in xenografts in vivo (Fig. 5d-f and Extended Data Fig. 8a, b). 
The corresponding mRNAs were unchanged, and the increase in MYC 
mRNA may reflect a known auto-regulatory mechanism** (Extended 
Data Fig. 8c). To test which proteins account for silvestrol’s effects, we 
expressed several candidate genes and green fluorescent protein (GFP) 
in an eIF4A-independent manner from the HCV IRES. In mixed pop- 
ulations of transduced and parental murine leukaemic cells (see Fig. 1c), 
we found that individually genes were not protective, whereas co- 
expression of IRES-MYC and IRES-BCL2 afforded significant protection 
(Fig. 5g and Extended Data Fig. 8d-g). This result indicates that silvestrol 
kills cancer cells by disrupting the translation of several critical factors. 
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A selective mechanism of translational control 


We report an elF4A-dependent mechanism of translational control 
that is encoded in the 5’ UTR of susceptible transcripts (Fig. 5h). The 
eIF4A RNA helicase has been implicated in the translation of mRNAs 
with long and complex 5’ UTRs’. Ribosome footprinting technology 
allowed us to identify silvestrol-sensitive mRNAs and analyse their hall- 
mark features. Besides 5’ UTR length, these included a 12-nucleotide 
(CGG), motif, additional 9-nucleotide motifs, and computationally pre- 
dicted G-quadruplex structures that correspond to the motif. RNA 
G-quadruplexes are energetically favourable/stable RNA structures made 
from at least two stacks of four guanosines with non-Watson-Crick 
interactions (Hoogsteen hydrogen bonds) with intervening linker 
nucleotides”. The minimum number is 12 nucleotides—for example, 
the 12-nucleotide motif (CGG),—but shorter 9-nucleotide motifs can 
include neighbouring nucleotides to complete the structure. Frequently, 
more than 12 nucleotides contribute to G-quadruplexes, and typically 
silvestrol-sensitive transcripts harbour several G-quadruplexes in their 
5’ UTRs. These features define a specific subset of genes whose translation 
requires eIF4A and that is clearly distinct from mTORC1-dependent 
translation’*’®. 

Many transcription factors and oncogenes require eIF4A for trans- 
lation. G-quadruplex structures have been observed, for example, in the 
NRAS and VEGFA mRNAs***’, and computational predictions have 
suggested a broader role in translational regulation”. Our results iden- 
tify a broad set of eIF4A-sensitive transcripts including many oncogenes 
and transcriptional regulators (for example, MYC, MYB, NOTCH, 
CDK6, BCL2, and others). We can speculate that this mechanism pro- 
vides additional control over these genes. In this regard, we note that a 
recent study identified a role for eIF4A2 in microRNA function and 
reports that el[F4A-sensitive transcripts are probably controlled by 
microRNAs’*. We further find a significant overlap with genes whose 
transcription is controlled by superenhancers™. 

Our study provides new insight into the striking anticancer effect 
of silvestrol and related compounds. Several strategies are available to 
target oncoprotein translation (for example, mTORC inhibitors”, the 
elF4G inhibitory peptide 4EGI-1 (ref. 40), or ribavirin*'). We find that 
eIF4A has an oncogenic activity that is required for the expression of 
key oncogenes. Accordingly, silvestrol can obliterate oncoproteins in- 
cluding MYC, NOTCH, BCL2, and others. This finding suggests po- 
tential activity in other cancers as a single agent or in combination with 
other drugs. 


METHODS SUMMARY 

Ribosome footprinting. KOPT-K1 cells were treated with silvestrol (25 nM) or 
DMSO for 45 min, followed by cycloheximide treatment for 10 min. Total RNA 
and ribosome-protected fragments were isolated following a published protocol’*. 
Deep sequencing libraries were generated from these fragments and sequenced on 
the HiSeq 2000 platform. Genome annotation was from the GENCODE project 
(http://www.gencodegenes.org/releases/14.html). Ribosome footprint intensity (RPM) 
and the expression value (RPKM) were measured from total mRNA-sequencing 
data and translation values were measured from ribosome footprint data. To eval- 
uate the TE change between silvestrol- and vehicle-treated samples, we then calcu- 
lated TE = RPKMfootprint/RPKMmrna (ref. 15). Changes in ribosome footprint 
profiles were determined using the DEXseq algorithm”. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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The Laniakea supercluster of galaxies 


R. Brent Tully’, Héléne Courtois”, Yehuda Hoffman? & Daniel Pomaréde* 


Galaxies congregate in clusters and along filaments, and are miss- 
ing from large regions referred to as voids. These structures are seen 
in maps derived from spectroscopic surveys’” that reveal networks 
of structure that are interconnected with no clear boundaries. Ex- 
tended regions with a high concentration of galaxies are called ‘super- 
clusters’, although this term is not precise. There is, however, another 
way to analyse the structure. If the distance to each galaxy from Earth 
is directly measured, then the peculiar velocity can be derived from 
the subtraction of the mean cosmic expansion, the product of distance 
times the Hubble constant, from observed velocity. The peculiar ve- 
locity is the line-of-sight departure from the cosmic expansion and 
arises from gravitational perturbations; a map of peculiar velocities 
can be translated into a map of the distribution of matter*. Here we 
report a map of structure made using a catalogue of peculiar velo- 
cities. We find locations where peculiar velocity flows diverge, as 
water does at watershed divides, and we trace the surface of diver- 
gent points that surrounds us. Within the volume enclosed by this 
surface, the motions of galaxies are inward after removal of the mean 
cosmic expansion and long range flows. We define a supercluster to 
be the volume within such a surface, and so we are defining the extent 
of our home supercluster, which we call Laniakea. 

The distribution of matter can be determined by two independent 
methods: either based on surveys of the distribution of galaxies in pro- 
jection and redshift, or from the motions of galaxies. With the former, 
using galaxy redshift surveys, the assumption is required that the galaxy 
‘lighthouses’ and mass distribution are strongly correlated, a condition 
that requires confirmation if, as is suspected, only a minor fraction of 
matter is baryonic. Moreover, with the former there is a stringent demand 
that the survey be complete, or at least that its incompleteness be well 
understood. With the latter, studies of galaxy motions, sparse sampling 
is acceptable (indeed inevitable) but dealing with errors is a challenge. 
Except for the very closest galaxies, uncertainties in distance measure- 
ments translate into uncertainties in the peculiar velocities of galaxies 
that are larger in amplitude than the actual peculiar velocities. Many mea- 
surements are required for suitable averaging and care must be taken to 
avoid systematic errors. Overall, the two paths to determining the dis- 
tribution of matter are in good agreement, a consequence that represents 
a considerable success for the standard model of structure formation 
via gravitational instability*”. 

The path from velocities to mass distributions benefits from the coher- 
ence in velocities on large scales. Multipole components in the velocity 
field can point to tidal influences beyond the survey region. The current 
all-sky redshift surveys and distance measurement surveys reach sim- 
ilar depths, but the latter probe structure to greater distances because of 
sensitivity to uncharted attractors and repellers. Coherence in motions 
on large scales means that signals can be measured by averaging over 
data in circumstances where individual contributions are very noisy. 

Details about the actual measurement of galaxy distances and the der- 
ivation of peculiar velocities are given in Methods. These two parameters 
are available for more than 8,000 galaxies, affording extremely detailed 
information locally, degrading outward to increasingly coarse coverage. 
Weuse this material to reconstruct the large-scale structure of the near- 
by Universe’. 


We obtain the underlying three-dimensional velocity and density fields 
by the Wiener filter algorithm*’, assuming the standard model of cos- 
mology as a Bayesian prior. Large-scale structure is assumed to develop 
from gravitational instabilities out of primordial random Gaussian fluc- 
tuations. The developing density and velocity fields retain their Gauss- 
ian properties as long as the growth is in the linear regime. It has been 
shown that with a random Gaussian field, the optimal Bayesian estima- 
tor of the field given the data is the Wiener filter minimal variance esti- 
mator. At the present epoch, large-scale structure has become nonlinear 
on small scales. However, it is an attractive feature of the velocity field 
that the break from linearity is only on scales of a few megaparsecs, an 
order of magnitude smaller in scale than the deviations from linearity 
for the density field. In any event, the present discussion concerns struc- 
ture on scales of tens to hundreds of megaparsecs, comfortably in the 
linear regime. 

The Wiener filter result is determined by the ratio of power to power 
+noise. Hence, the large-scale structure is strongly constrained nearby, 
where uncertainties are small and the coverage is extensive. At large 
distances, where the data become more sparse and noisy, the Wiener 
filter attenuates the recovered density and velocity fields to the null field 
that is expected in the absence of data. However in the linear regime 
there is coherence in galaxy flows on much larger scales than seen in 
density fluctuations. Tidal influences from beyond the surveyed regions 
can be manifested in cosmic flows on scales that exceed the coverage in 
measured distances by a factor of two (ref. 10). 

The ultimate goal is to map the velocity field to a radius that com- 
pletely encompasses the sources of the motion of the Local Group (of 
631 kms_') reflected in the cosmic microwave background dipole". How- 
ever, our knowledge of flows on large scales remains inevitably modulated 
by the extent of the data. Our analysis of the data in the Cosmicflows-2 
galaxy catalogue (see Methods for details) tells us that a coherent flow 
extends across the full extent of the region that we can map, reaching 
the Shapley concentration”. It is clear that we do not yet have a suffi- 
ciently extensive compendium of distances to bound the full source of 
our deviant motion from the cosmic expansion. 

For the present discussion, we focus on intermediate-scale flow pat- 
terns. The standard model of cosmology predicts that on the scale we 
are considering the flow is irrotational: namely, the velocity field vis 
the gradient of a potential ¢, v = — V@. The local minima and maxima 
of the potential (attractors and repellers respectively) are the drivers of 
the large-scale flow. We can define a ‘basin of attraction’ as the volume 
containing all points whose flow lines converge at a given attractor. The 
large-scale structure can be characterized on scales of a few megapar- 
secs and above by attractors and their basins of attraction. 

The Wiener filter provides a straightforward way of decomposing the 
velocity field into a local component that is induced by the distribution 
within a zone and a tidal residual’’. In the linear regime, the velocity 
and density fields, vand 6, are directly related: V- v= — Hof(Qm; 2.4) 
where f depend on the cosmological matter and vacuum energy densi- 
ties characterized by 2,, and Q 4. We specify a centre and radius, and 
the density field within the defined volume is assumed to be a cut-out 
from the full Wiener filter density map. Then the Poisson-like equa- 
tion between velocity and density can be solved to derive the velocity 
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field responding to just the matter within the prescribed volume. The 
vector subtraction of the local velocity component from the full flow 
gives the external component of the velocity field. The residual com- 
ponent is responsible for the bulk motion of the zone under considera- 
tion and for a quadrupole component within the zone. The decomposition 
allows us to probe the local velocity field, with the tidal field induced 
by distant structures filtered out. Relative attractors and their basins of 
attraction are defined with respect to that local field. 

One more useful tool is now mentioned before we turn to results. At 
each position in space, the three eigenvalues of the velocity shear tensor 
can be calculated. If these eigenvalues are ordered from most positive 
to most negative, then a threshold can be set that captures four possi- 
bilities. Flows can be inward on all three axes, the condition of a cluster, 
inward on two axes and outward on the third, the condition of a fila- 
ment, inward on one axis and outward on two, hence a sheet, or out- 
ward on all three axes, hence a void. Boundaries can be created around 
contiguous regions with the same shear properties, and the contours out- 
line the cosmic web as reconstructed by the V-web algorithm”. 

We now consider the full presentation of our results given in the Sup- 
plementary Video and in Extended Data Figs 1-5. We pay attention in 
turn to smaller (but still in the linear regime) scales to examine the sep- 
aration of local and tidal flows and to isolate local basins of attraction. 
Particular attention has been given to locations where there are local di- 
vergences. In co-moving coordinates and with the removal of long-range 
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Figure 1 | Two views of the 
Laniakea supercluster. The outer 
surface (blue) demarcates the limits 
of local velocity flows. The plot is in 
supergalactic coordinates with axes 
SGX and SGY shown in the plane at 
SGZ = 0. Our Milky Way galaxy is at 
the origin. Units of 1,000kms~* in 
velocity correspond to roughly 

13.3 Mpc. Velocity streamlines are 
shown in black and terminate in the 
vicinity of the Norma cluster. 
Individual galaxies from a redshift 
catalogue are given colours to 
distinguish major components 
within the Laniakea supercluster: the 
historical Local supercluster in green, 
the Great Attractor region in orange, 
the Pavo-Indus filament in purple, 
and structures including the Antlia 
wall and Fornax-Eridanus cloud in 
magenta. Several major entities are 
named. Norma, Hydra, Centaurus, 
Virgo, Ophiuchus, A2870, A3581 
and A3656 are individual clusters of 
galaxies embedded within the 
Laniakea supercluster. Shapley, 
Hercules, Coma and Perseus—Pisces 
are complexes of galaxies outside 
Laniakea. The outer black circle 
defines the domain used to separate 
between local and tidal flows. The 
panels provide two perspectives of 
the same scene. 


I 
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flows, there are places where relatively neighbouring galaxies can be 
found to be moving in opposing directions towards separate local basins 
of attraction. Voids are usually the demarcations between attraction 
basins, but divergences can occur along filaments and sheets. We note 
the very nearby case between our home basin of attraction and the 
Perseus—Pisces complex’>"®, where we find a particularly impressive ex- 
ample of velocity flows in an apparent bridge between attractors that 
are diverging. This divergence occurs in the feature called the Arch in 
Extended Data Fig 2. Similar structures abound on close inspection. 
Velocity information reveals the locations of divergence along filaments 
between high density regions. This dissipation of the cosmic web is ex- 
pected with the accelerated expansion of the Universe. We emphasize 
that peculiar velocity information can reveal details that are otherwise 
hard to discern. 

The particular interest in the present discussion is with the largest 
structure that can be circumscribed within the currently available dis- 
tance and peculiar-velocity data: the structure schematically illustrated 
in Figs 1 and 2. The region includes 13 Abell clusters (with the Virgo 
cluster). Local flows within the region converge towards the Norma and 
Centaurus clusters, in good approximation to the location of what has 
been called the ‘Great Attractor’’”. This volume includes the historical 
Local and Southern superclusters’’, the important Pavo-Indus filament, 
an extension to the Ophiuchus cluster, the Local Void, and the Sculptor 
and other bounding voids. This region of inflow towards a local basin 
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of attraction can be reasonably called a supercluster. The region, if 
approximated as round, has a diameter of 12,000 kms _' in units of the 
cosmic expansion or 160 megaparsecs, and encompasses ~10'” solar 
masses. We propose that this region be named the Laniakea super- 
cluster of galaxies (from the Hawaiian; ani, heaven, and akea, spacious, 
immeasurable). 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Figure 2 | A slice of the Laniakea 
supercluster in the supergalactic 
equatorial plane. Shaded contours 
represent density values within the 
equatorial slice, with red at high 
densities, green at intermediate 
densities and blue in voids. Our 
Milky Way galaxy is located at the 
black dot at the origin of the 
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A 400-solar-mass black hole in the galaxy M82 


Dheeraj R. Pasham??, Tod E. Strohmayer? & Richard F. Mushotzky! 


M82 X-1, the brightest X-ray source in the galaxy M82, has been 
thought to be an intermediate-mass black hole (100 to 10,000 solar 
masses) because of its extremely high luminosity and variability 
characteristics'~*, although some models suggest that its mass may 
be only about 20 solar masses*’. The previous mass estimates were 
based on scaling relations that use low-frequency characteristic time- 
scales which have large intrinsic uncertainties*’. For stellar-mass black 
holes, we know that the high-frequency quasi-periodic oscillations 
(100-450 hertz) in the X-ray emission that occur in a 3:2 frequency 
ratio are stable and scale in frequency inversely with black hole mass 
with a reasonably small dispersion’’ *. The discovery of such stable 
oscillations thus potentially offers an alternative and less ambiguous 
means of mass determination for intermediate-mass black holes, but 


has hitherto not been realized. Here we report stable, twin-peak (3:2 
frequency ratio) X-ray quasi-periodic oscillations from M82 X-1 at 
frequencies of 3.32 + 0.06 hertz and 5.07 + 0.06 hertz. Assuming that 
we can extrapolate the inverse-mass scaling that holds for stellar-mass 
black holes, we estimate the black hole mass of M82 X-1 to be 428 + 
105 solar masses. In addition, we can estimate the mass using the rel- 
ativistic precession model, from which we get a value of 415 + 63 solar 
masses. 

Oscillations arising from general relativistic effects should scale in- 
versely with black hole mass if they arise from orbital motion near the 
innermost stable circular orbit in the accretion disk'®!’, and there is ob- 
servational support that they do for stellar-mass black holes'® (3-50 solar 
masses (M.5)). Previous estimates of the mass of M82 X-1, of a few 
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Figure 1 | Power density spectra of M82. a, Six-year average X-ray 

(3-13 keV) power density spectrum of M82 using 7,362 individual 128 s light 
curves. The frequency resolution is 0.125 Hz. The two strongest features in the 
power spectrum occur at 3.32 + 0.06 and 5.07 + 0.06 Hz, consistent with a 3:2 
frequency ratio. b, Averaged power density spectrum of all (363) 1,024 s 
segments. The frequency resolution is 0.0625 Hz. The strongest feature is at 
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5 Hz. ¢, For a direct comparison with stellar-mass black holes, we show the 
broadband power density spectrum of M82 (using ~100 ks of XMM-Newton/ 
EPIC data; ID: 0206080101) showing the low-frequency quasi-periodic 
oscillation at 120 mHz in addition to the high-frequency quasi-periodic 
oscillation pair in a and b. Power spectra are Leahy-normalized to a value of 2. 
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hundred solar masses, combined with the type-C identification**? of 
its millihertz X-ray quasi-periodic oscillations, suggest that 3:2-ratio, 
twin-peak, high-frequency oscillations analogous to those seen in stel- 
lar-mass black holes, if present, should be detectable in the frequency 
range of a few hertz'®. We accordingly searched NASA's Rossi X-ray 
Timing Explorer proportional counter array (PCA) archival data to look 
for 3:2 ratio oscillation pairs in the frequency range of 1-16 Hz, which 
corresponds to a black hole mass range of 50M.-2,000Mo. 

We detected two power spectral peaks at 3.32 + 0.06 Hz (with a coher- 
ence, the ratio of frequency to width, of Q= v/Av > 27) and 5.07 + 
0.06 Hz (Q > 40), consistent with a 3:2 frequency ratio (Fig. 1a, b). The 
combined statistical significance of the detection is greater than 4.70 
(Methods). 

The PCA’s field of view (1° X 1°) of M82 includes a number of accret- 
ing X-ray sources in addition to M82 X-1"*. The remarkable stability of 
the two quasi-periodic oscillations on timescales of a few years (Sup- 
plementary Videos 1 and 2), their 3:2 frequency ratio and their high 
oscillation luminosities strongly suggest they are not low-frequency 
quasi-periodic oscillations from a contaminating stellar-mass black hole 
(Methods). Also, a pulsar origin is very unlikely for several reasons. First, 
a pulsar signal would be much more coherent than that of the observed 
quasi-periodic oscillations, which have a finite width. Second, judging 
from the observed high quasi-periodic oscillation luminosities, it is ex- 
tremely implausible that they originate from a pulsar (Methods). Finally, 
it would be highly unlikely to have two pulsars in the same field of view 
with spins in the 3:2 ratio. Also, on the basis of the average power spec- 
trum of the background sky and a sample of accreting supermassive 
black holes monitored by the PCA in the same epoch as M82, we rule out 
an instrumental origin for these oscillations (Extended Data Figs 2-4). 
This leaves M82 X-1, which is persistently the brightest source in the 
field of view, as the most likely source associated with the 3:2-ratio quasi- 
periodic oscillation pair. 

Weestimated M82 X-1’s black hole mass, assuming first the inverse- 
mass scaling of stellar-mass black holes and then the relativistic preces- 
sion model'®”®, to be (428 + 105)M in the first case and (415 + 63)Mo 
in the second (Fig. 2). Combining the average 2-10 keV X-ray luminosity”!”” 
of the source, of 5 X 10*° ergs ', with the measured mass suggests that the 
source is accreting close to the Eddington limit with an accretion efficiency 
of 0.8 + 0.2. 

The previous mass measurements of M82 X-1 have large uncertain- 
ties owing to both systematic and measurement errors. For example, 
modelling of its X-ray energy spectra during the thermal-dominant 
state using a fully relativistic, ‘multicoloured’ disk model suggests that 
it hosts an intermediate-mass black hole that has a mass anywhere in 
the range of 200M5-800M @ and is accreting near the Eddington limit’. 
In addition to the large mass uncertainty associated with the modelling, 
the same study also found that the energy spectra can be equally well fit 
with a stellar-mass black hole accreting at a rate ~160 higher than the 
Eddington limit’. Also, the X-rays from this source are known to modu- 
late with a periodicity of 62 days, which has been argued to be the orbital 
period of an intermediate-mass black hole’—formed in the nearby star 
cluster MCG-11 by stellar runaway collisions*”***—accreting matter via 
Roche lobe overflow from a 22M 5-25M. companion star™. Detailed 
stellar binary evolution simulations suggest that the long periodicity 
is best explained by an intermediate-mass black hole with mass in the 
range of 200Mo-5,000M 5 (refs 5, 24). However, a recent study finds 
that this periodicity may instead be due to a precessing accretion disk, 
in which case a stellar-mass black hole will suffice to explain the appar- 
ent long periodicity”’. 

One of the main lines of argument for an intermediate-mass black 
hole in M82 X-1 follows from the assumption that its millihertz quasi- 
periodic oscillations are analogous to the type-C oscillations of stellar- 
mass black holes and to scale the inverse-mass relationship of the frequency 
of these millihertz oscillations (frequency range of 37-210 mHz (refs 9, 25); 
Fig. 1c) to the type-C, low-frequency X-ray oscillations (frequency 
range of 0.2-15 Hz (refs 10, 26)). There are two uncertainties with such 
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Figure 2 | Mass, spin and radius measurements. a, Contours (90% 
confidence) of M82 X-1’s mass as a function of the spin parameter, that is, the 
ratio of the black hole’s angular momentum to its mass. The three contours 
correspond to the three low frequency values (37, 120 and 210 mHz), with the 
mass increasing as the low-frequency oscillation frequency increases. 

b, Contours of M82 X-1’s mass as a function of the radius of the origin of these 
oscillations (in units of rz = GM/ c’, where G, M and c are the gravitational 
constant, the black hole mass and the speed of light, respectively). Ina and b, the 
vertical lines (solid, solution; dashed, upper and lower limits) represent M82 
X-1’s mass estimates assuming a simple inverse-mass scaling for the high- 
frequency quasi-periodic oscillations. The three colours correspond to scalings 
using the microquasars GRO J1655-40** (green), XTEJ1550-64” (blue) and 
GRS 1915+105°*° (black). 


scaling: first, it was unclear—until now—whether these millihertz oscil- 
lations are indeed the type-C analogues of stellar-mass black holes*’, 
and, second, both the type-C and the millihertz oscillations are variable, 
resulting in a large dispersion in the measured mass of 25Mo-1,300Mo 
(refs 1, 2, 4, 6). The simultaneous discovery of stable, 3:2 ratio, high- 
frequency periodicities and low-frequency millihertz oscillations allows 
us to set the overall frequency scale of the X-ray power spectrum. This 
result not only implies that the millihertz quasi-periodic oscillations of 
M82 X-1 are the type-C analogues of stellar-mass black holes, but also 
provides an independent, and so far the most accurate, black hole mass 
measurement. 

Finally, it should be pointed out that although the root mean squared 
amplitudes (3-5% of the X-ray flux) of the oscillations reported here, 
and their frequencies with respect to the millihertz oscillations (a few 
orders of magnitude higher), are similar to those observed in stellar-mass 
black holes"®, they appear narrower (with Q values of 27, 40 and 80) than 
stellar-mass black holes, which have Q values of <20 (refs 14, 27). In 
stellar-mass black holes, the Q factor seems to be energy dependent in 
some cases", and it is plausible that a similar effect may be operating 
in this case. 
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METHODS 


Estimating the expected significance of the quasi-periodic oscillations. The 
detectability (statistical significance, n,) of a quasi-periodic oscillation feature can 
be expressed as 
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where r, S, B, T and Av are the root mean squared (r.m.s.) amplitude of the quasi- 
periodic oscillation, the source count rate, the background count rate, the exposure 
time and the width of the quasi-periodic oscillation, respectively*'. Assuming an 
r.m.s. amplitude of a few per cent—similar to that seen in stellar-mass black holes””— 
and using the mean Rossi X-ray Timing Explorer (RXTE)/PCA source and back- 
ground rates obtained from prior observations”’, we found that the wealth of publicly 
available, archival RXTE monitoring data (~ 10° s) spread across time span of ~6 years 
would suffice for a sensitive search for high-frequency quasi-periodic oscillations 
in M82 X-1. 

Data primer. M82 was monitored (0.5-2 ks roughly once every three days) with the 
RXTE/PCA between 1997 February 2 and 1997 November 25 (0.8 years) and between 
2004 September 2 and 2009 December 30 (5.3 years). All the PCA observations were 
carried out in the GoodXenon data acquisition mode. The total number of monitor- 
ing observations was 867, which were divided among six proposals (RXTE proposal 
IDs P20303, P90121, P90171, P92098, P93123 and P94123). As recommended by 
the data analysis guide provided by the RXTE Guest Observer Facility (https://heasarc. 
gsfc.nasa.gov/docs/xte/abc/screening html), we first screened the data to include only 
time intervals that satisfy the following criteria: ELV >10.0 && OFFSET <0.02 && 
(TIME SINCE SAA <0 || TIME SINCE SAA >30) && ELECTRON2 <0.1. In 
addition to the above standard filters, we used only X-ray events within the energy 
range of 3-13 keV, which translates to PCA channels 7-32. This energy range is com- 
parable to the bandpass in which high-frequency quasi-periodic oscillations have 
been reported from stellar-mass black holes'®'*!°. Moreover, beyond 13 keV the 
background dominates the overall count rate by a factor greater than 10. For each 
observation, we used all active proportional counter units, to maximize the count 
rate and, thus, the sensitivity to quasi-periodic oscillations. 

Before we extracted the individual power spectra, we created individual light 

curves (using a bin size of 1 s) from all the observations. Through manual inspection 
we removed a small number of observations affected by flares, because these are 
attributed to background events, for example gamma-ray bursts, not associated with 
the source. Extended Data Fig. 1 shows two sample light curves and their corres- 
ponding power spectra. They represent the typical quality of the individual light 
curves used in extracting the average power spectra. 
Estimating the statistical significances. We first divided the data into 128 s seg- 
ments and extracted their light curves with a time resolution of 1/32 s. We then con- 
structed a Leahy-normalized* power density spectrum (where the Poisson noise 
level is 2) from each of these 128 s light curves. All the power spectra were then com- 
bined (7,362 individual power spectra) to obtain a six-year-averaged power density 
spectrum of M82 (Fig. 1a). 

To estimate the statistical significance of any features in the 1-16 Hz range of the 
six-year-averaged power density spectrum obtained using the 128 s data segments, 
we first ensured that the local mean was equal to 2, the value expected from a purely 
Poisson (white noise) process. We then computed the probability, at the 99.73% (3) 
and the 99.99% (3.9a) confidence levels, of obtaining the power, P = P» X 7,362 X 
16 from a r distribution with 2 x 7,362 X 16 degrees of freedom. Here Px is the 
power value of a statistical fluctuation at a given confidence level. We used this 77 
distribution because we summed 16 neighbouring frequency bins and divided by 16, 
and averaged 7,362 individual power spectra. Considering the total number of trials 
(frequency bins within 1-16 Hz), we computed the 99.73% (1/(371 trials)) and the 
99.99% (1/(10,000 trials)) confidence limits (horizontal dotted lines in Fig. 1a). We 
detect two power spectral peaks at 3.32 + 0.06 and 5.07 + 0.06 Hz that are signifi- 
cant at the 2 X 10 *(3.7c) and6 X 10 ° (2.75) levels, respectively, assuming both 
features were searched for independently between 1 and 16 Hz. However, after iden- 
tifying the first feature at 3.3 Hz, if we are searching for a second feature at a 3:2 ratio, 
then the search from there on only includes the bins close to 3/2 X 3.3 Hz or 2/3 X 
3.3 Hz. If this is taken into consideration, the significance of the 5 Hz feature increases, 
owing to the smaller number of trials, to 5 x 10 4, or 3.50. To further test the signifi- 
cance of the 5 Hz feature, we extracted an average power density spectrum using all the 
data with segments longer than 1,024 s (Fig. 1b). The 5 Hz feature (Q > 80) is clearly 
detected at the 1.5 X 10° * confidence level, or 3.86, considering a full search between 
1 and 16 Hz. 

The combined probability of two independent chance fluctuations in the 3:2 
frequency ratio, one at the 3.7¢ level (3.3 Hz feature) and the other at the 2.75¢ level 
(5 Hz feature), is greater than 4.70. 
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Signal cannot be from a single observation. The very presence of these two features 
in the six-year-averaged power spectrum suggests that they are stable on this time- 
scale. To further rule out the possibility that these oscillations are due to a single 
particular observation, or a small number of them, we constructed two dynamic av- 
erage power spectra, one for the 128 s segments (dynamic power density spectrum#1; 
Supplementary Video 1) and another for the 1,024 s segments (dynamic power density 
spectrum#2; Supplementary Video 2). These track the evolution of the average power 
density spectra as a function of the total number of individual power spectra used 
in constructing the average. The two dynamic power density spectra clearly suggest 
that the power in these two features builds up gradually as more data are averaged, 
as opposed to appearing suddenly, which would be expected if a single or a small 
number of observations were contributing all the signal power. In addition, dynamic 
power density spectrum#1 clearly shows that while the 5 Hz feature is stronger dur- 
ing the earlier stages of the monitoring program, the 3.3 Hz feature is stronger during 
the later observations. Longer exposures of the order of 1-2 ks were carried out during 
the earlier stage of the monitoring program, which explains the higher significance 
of the 5 Hz feature in the average power density spectrum of the 1,024 s segments 
(Fig. 1b). 

Root mean squared amplitude of the quasi-periodic oscillations. To calculate the 
r.m.s. variability amplitude of these quasi-periodic oscillations, we first determined 
the mean net count rate (source + background) ofall the light curves used to extract 
the average power spectra. These values were equal to 29.9 counts s' and 35.2 counts s_ 
for the power spectra with 128 s and 1,024 s segments, respectively. The r.m.s. ampli- 
tudes of the 3.3 and 5 Hz quasi-periodic oscillations, not correcting for the back- 
ground, were estimated to be 1.1 + 0.1% and 1.0 + 0.1%, respectively. Similarly, the 
r.m.s. amplitude of the 5 Hz feature in the power density spectrum with 1,024s 
segments was estimated to be 1.1 + 0.1%. We then estimated the mean background 
count rate from the Standard2 data using the latest PCA background model. The 
mean background rates during the 128 s and the 1,024 s segments were estimated to 
be 18.9 counts s~' and 24.0 counts s~_', respectively. After accounting for the X-ray 
background, we find that the r.m.s. amplitudes of the 3.3 and 5 Hz features— 
averaged over all of the data—are 3.0 + 0.4% and 2.7 + 0.4%, respectively, and the 
amplitude of the 5 Hz feature within the 1,024s power density spectrum was esti- 
mated to be 3.5 + 0.4%. 

Furthermore, the source count rates estimated above (net minus background) 
represent the combined contribution from all the X-ray point sources within the 
PCA’s 1° X 1° field of view’*. Thus, the quasi-periodic oscillation r.m.s. amplitudes 
are underestimated. A study using the high-resolution camera on board Chandra 
suggests that there are multiple point sources within the 1’ X 1’ region around 
M82 X-1'**’. Tracking the long-term variability of these sources suggests that the 
maximum luminosity reached by any of these sources—except for source 5 (as defined 
by ref. 18)—is less than one-fifth of the average luminosity of M82 X-1**. Source 5 isa 
highly variable transient ULX with a 0.5-10 keV luminosity varying between 10°” 
and 10° ergs ' (see the middle-left panel of fig. 1 of ref. 33). The quasi-periodic 
oscillations reported here are most probably produced by M82 X-1, which has 
persistently been the brightest source of any in the immediate vicinity of M82 X-1 
(see the following sections). Although a precise value of the r.m.s. amplitude cannot 
be evaluated using the present data, we estimate an absolute upper limit by calculat- 
ing the inverse of the fraction of the count rate contribution from M82 X-1, assuming 
all the remaining contaminating sources are at their brightest ever detected. This 
scenario is highly unlikely but will serve as an absolute upper bound on the r.m.s. 
amplitudes of the quasi-periodic oscillations, assuming they are from M82 X-1. 
Using the values reported by ref. 33, the fraction is roughly 1.8. Thus, the true r.m.s. 
amplitudes of the 3.3 and 5.5 Hz quasi-periodic oscillations are estimated to be in 
the range of 3-5%. 

Also, XMM-Newton’s EPIC instruments—with an effective area of about one- 
fifth of RXTE’s PCA, albeit with lower background—observed M82 at multiple epochs, 
with a total effective exposure of ~350 ks. These observations were taken in the full- 
frame data acquisition mode with a time resolution of 73.4 ms or a Nyquist fre- 
quency of 6.82 Hz. This value is close to the quasi-periodic oscillation frequencies 
of interest and causes some signal suppression*'. Nevertheless, we extracted an 
average 3-10 keV power density spectrum with 128s data segments using all the 
observations (2,718 individual power spectra). We do not detect any statistically sig- 
nificant features near 3.3 and 5 Hz; however, we estimate quasi-periodic oscillation 
upper limits (30 confidence) of 5.2 and 6.2% r.m.s. (using equations 4.4 and 4.10 of 
ref. 29) at 3.3 and 5 Hz, respectively, which are roughly twice the r.m.s. values of the 
quasi-periodic oscillations detected in the PCA data. 

Using the 128 s data segments from RXTE, we also studied the energy dependence 
of the r.m.s. amplitudes of the two oscillations (Extended Data Table 1). Although 
the error bars are large, there seems to be a modest decrease in the r.m.s. amplitudes 
of these oscillations at lower X-ray energies. XMM-Newton’s EPIC instruments are 
more sensitive in the 3-8 keV band, which is comparable to PCA channels 7-18 (the 
first and the fourth rows of Extended Data Table 1). 
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Ruling out low-frequency quasi-periodic oscillations. Low-frequency quasi- 
periodic oscillations of stellar-mass black holes, such as the type-C quasi-periodic 
oscillations”, have typical centroid frequencies of a few hertz with r.m.s. ampli- 
tudes”® of 5-25%, but are known to vary in frequency by factors of 8-10 over 
timescales of days****. This would lead to very broad features in the kind of average 
power spectrum we have used. Moreover, among the plethora of low-frequency 
quasi-periodic oscillations at present known, there is no indication of them pref- 
erentially occurring with a 3:2 frequency ratio. Furthermore, the average luminosity 
of the quasi-periodic oscillations reported here is ~0.03 times the average luminosity 
of all the sources observed by the PCA in the 3-13 keV band”'”, which is ~0.03 X 5 
x 10 ergs”! = 1.5 X 10° ergs '. This is comparable to or more than the peak 
X-ray luminosities of the contaminating sources, except for source 5 (refs 33, 36). 
Therefore, if these features were simply low-frequency quasi-periodic oscillations 
produced by any of the contaminating sources—except for source 5—their X-ray 
flux would have to be modulated at almost 100%, which is not plausible for the 
typical amplitudes of low-frequency quasi-periodic oscillations. 

Source 5, which is a ULX, could in principle be the origin of these 3:2 ratio quasi- 

periodic oscillations. However, 3-4 mHz quasi-periodic oscillations have been dis- 
covered from this source and have been identified as type-A/B quasi-periodic 
oscillations analogues of stellar-mass black holes*’. Such a characterization for the 
millihertz quasi-periodic oscillations suggests that the ULX might host a black hole 
with a mass of 12,000M5-43,000M « (ref. 37). If that were the case, the expected 
frequency range of high-frequency quasi-periodic oscillation analogues for a few- 
10,000M ~ black hole would be a few 100s of millihertz, which is a factor of 10 lower 
than the quasi-periodic oscillations reported here, suggesting that the 3.3 and 5 Hz 
quasi-periodic oscillations are less likely to be the high-frequency quasi-periodic 
oscillation analogues of source 5. 
Ruling out pulsar origin. Rotation-powered pulsars can be strongly excluded, because 
they simply cannot provide the required luminosity. A neutron star’s rotational energy 
loss rate can be expressed in terms of its moment of inertia, J, spin period, P, and period 
derivative, P, as 


2nIP 
Exot = Bp 

No known pulsar has a spin-down luminosity comparable to the estimated quasi- 
periodic oscillation X-ray luminosity. For example, the energetic Crab pulsar has 
E~2 10*% ergs ', and only a fraction of a pulsar’s spin-down power typically 
appears as X-ray radiation. This rules out rotation-powered pulsars. Because M82 
is a starburst galaxy, it probably hosts a population of accreting X-ray pulsars. Such 
accretion-powered pulsar systems are typically limited by the Eddington limit, of 
~2x 108 erg s 1, for a canonical neutron star. Useful comparisons can be made 
with the population observed with the RXTE/PCA in the Small Magellanic Cloud**. 
The authors of ref. 38 presented pulsed luminosities for the Small Magellanic Cloud 
pulsar population, and none was larger than ~3 X 10°° ergs”. Again, this is much 
smaller than the inferred quasi-periodic oscillations luminosities. Moreover, such 
pulsars are variable, and their time-averaged luminosities would be reduced further 
by their outburst duty cycles. At present, the only pulsar that is known to reach lumi- 
nosities of ~10*° ergs * for brief periods of time is GRO J1744-28-the ‘bursting 
pulsar”?’. This object has a 2.1 Hz spin frequency and was discovered during an 
outburst that spanned the first 3 months of 1996 (we note that at the time of writing the 
source was detected in outburst again, suggesting a duty cycle of about 18 years***”). 
Its peak persistent luminosity (assuming a distance close to that of the Galactic centre) 
was ~7 X 10°° ergs‘. With a pulsed amplitude of about 10%, this would still give a 
pulsed luminosity much less than the inferred luminosities of the quasi-periodic 
oscillations. The type-II—accretion driven—bursts from this source** could reach 
about 10*° ergs” ', and witha 10% pulsed amplitude this could give an instantaneous 
luminosity close to that of the average quasi-periodic oscillation luminosities. How- 
ever, the bursting intervals make up less than 1% of the total time, and this small duty 
cycle will thus reduce the average pulsed luminosity due to the bursts to a level sub- 
stantially below that of the observed quasi-periodic oscillations. Thus, we conclude 
that the observed quasi-periodic oscillations cannot be associated with accreting pul- 
sars in M82. 

Ruling out instrumental origin. We also rule out the possibility that this signal is 
intrinsic to RXTE/PCA by extracting the average power density spectra of a sample 
of accreting supermassive black holes with PCA count rates comparable to M82. To 
be consistent, we used only monitoring data taken in the GoodXenon mode during 
the same epoch as M82. The long-term light curves of these sources in the same time 
range as M82 are shown in Extended Data Fig. 2. On the basis of the causality argu- 
ment, active galactic nuclei with black hole masses greater than 10°M 5 cannot have 


coherent oscillations at frequencies higher than ~0.1 Hz. The average power spectra 
obtained with PCA in the 3-13 keV bandpass are essentially flat and are consistent 
with being Poisson noise (Extended Data Fig. 3). In addition, we also extracted the 
average power spectrum ofa blank sky field (background) monitored using the Good- 
Xenon mode during the same epoch as M82. The corresponding average power spec- 
trum is shown in Extended Data Fig. 4b and is again consistent with being featureless, 
as expected. 

Relativistic precession model analysis. According to the relativistic precession model, 
the upper harmonic of the high-frequency quasi-periodic oscillation is associated 
with the Keplerian frequency at some inner radius, and the lower harmonic of the 
high-frequency quasi-periodic oscillation and the type-C quasi-periodic oscillation 
are associated with the periastron and nodal precession frequencies, respectively, at 
the same radius. Recently, this model was applied to GRO J1655-40”°, which exhi- 
bits both low-frequency and high-frequency quasi-periodic oscillations and has a 
very accurate mass measurement of (5.4 + 0.3)Mo (ref. 28). They find that the 
black hole mass evaluated from the relativistic precession model analysis agrees nicely 
with its dynamical mass estimate. Given this promise of the relativistic precession 
model, we estimated the mass and spin of M82 X-1’s black hole using this model, 
essentially following the methodology in ref. 20. 

The relativistic precession model analysis requires that the three quasi-periodic 
oscillations, the two high-frequency quasi-periodic oscillations and a low-frequency 
quasi-periodic oscillation, be observed simultaneously. This is, however, not the case 
for M82 observations. Although the combined six-year RXTE/PCA data show the 
high-frequency quasi-periodic oscillation pair, individual XMM-Newton observa- 
tions randomly dispersed over the same epoch as the RXTE monitoring have shown 
low-frequency quasi-periodic oscillations with frequencies in the range of 37-210 mHz 
(see table 2 of ref. 10 and ref. 23). Thus, we carried out the analysis for three separate 
quasi-periodic oscillation frequencies, the lowest and the highest values (37 and 
210 mHz, respectively) and a mean quasi-periodic oscillation frequency (120 mHz). 

The dimensionless spin parameter is constrained to the range 0.06 <a < 0.31, 
and the inferred radius, r, in the disk is in the range 5.53 < r/rg < 6.82 (Fig. 2). 


31. van der Klis, M. in Timing Neutron Stars: Proc. NATO Adv. Study Inst. Timing Neutron 
Stars (eds Ogelman, H. & van den Heuvel, E. P. J.) 27 (Kluwer Academic/Plenum, 
1989). 

32. Leahy, D.A. etal. On searches for pulsed emission with application to four globular 
cluster X-ray sources - NGC 1851, 6441, 6624, and 6712. Astrophys. J. 266, 
160-170 (1983). 

33. Chiang, Y.-K.& Kong, A. K. H. The long-term variability of the X-ray sources in M82. 
Mon. Not. R. Astron. Soc. 414, 1329-1338 (2011). 

34. Wood, K. S. et al. USA experiment and RXTE observations of a variable low- 
frequency quasi-periodic oscillation in XTE J1118+480. Astrophys. J. 544, 
L45-L48 (2000). 

35. Rodriguez, J., Corbel, S., Kalemci, E., Tomsick, J. A. & Tagger, M. An X-ray timing 
study of XTE J1550-564: evolution of the low-frequency quasi-periodic 
oscillations for the complete 2000 outburst. Astrophys. J. 612, 1018-1025 (2004). 

36. Jin, J., Feng, H. & Kaaret, P. Transition to the disk dominant state of a new 
ultraluminous X-ray source in M82. Astrophys. J. 716, 181-186 (2010). 

37. Feng, H., Rao, F. & Kaaret, P. Discovery of millihertz X-ray oscillations in a transient 
ultraluminous X-ray source in M82. Astrophys. J. 710, L137-L141 (2010). 

38. Laycock, S. et al. Long-term behavior of X-ray pulsars in the Small Magellanic 
Cloud. Astrophys. J. 161, 96-117 (2005). 

39. Giles, A. B. et a/. The main characteristics of GRO J1744-28 observed by the 
proportional counter array experiment on the Rossi X-Ray Timing Explorer. 
Astrophys. J. 469, L25 (1996). 

40. Jahoda, K. et al. Peak luminosities of bursts from GRO J1744-28 measured with 
the RXTE PCA. Nucl. Phys. B Proc. Suppl. 69, 210-215 (1999). 

41. Sazonov, S. Y., Sunyaev, R. A. & Lund, N. Super-Eddington X-ray luminosity of the 
bursting pulsar GRO J1744-28: WATCH/Granat observations. Astron. Lett 23, 
286-292 (1997). 

42. Negoro, H. et al. MAXI/GSC and Swift/BAT detection of enhanced hard X-ray 
emission from the Galactic center region, renewed activity of GRO J1744-28? 
Astron. Telegr. 5790 (2014). 

43. Finger, M.H., Jenke, P. A. & Wilson-Hodge, C. Fermi/GBM detection of 0.467s 
pulsation from GRO J1744-28. Astron. Telegr. 5810 (2014). 

44. Kennea, J. A., Kouveliotou, C. & Younes, G. GRO J1744-28: Swift XRT confirmation 
of outburst. Astron. Telegr. 5845 (2014). 

45. D’Ai, A. et al. GRO J1744-28 active as X-ray pulsar. Astron. Telegr. 5858 (2014). 

46. Linares, M., Kennea, J., Krimm, H. & Kouveliotou, C. Swift detects bursting activity 
from GRO J1744-28. Astron. Telegr. 5883 (2014). 

47. Pintore, F. et al. Detection of a spin derivative in GRO J1744-28 with Swift/XRT. 
Astron. Telegr. 5901 (2014). 

48. Kommers, J. M. et a/. Postburst quasi-periodic oscillations from GRO J1744-28 
and from the rapid burster. Astrophys. J. 482, L53 (1997). 


©2014 Macmillan Publishers Limited. All rights reserved 


a 80 ] 
L 90121-01-20-10 J 
60 4 
ee | 
oO 
wn L 4 
£ 40 
c q y 
3 
oO ! J 
20 7 
OL ae bis ; = 
0 20 40 60 80 100 120 
Time (seconds) 
c 80/ ¥ T * ¥ T T ¥ T bi T T 7] 
L 93123-01-19-00 i 
60L a 
oO [ 1 
feb) 
wn b 4 
£2 40- 4 
[=] L 4 
=) 
8 b A 
20 i 
ot J 


0 20 40 60 80 
Time (seconds) 


Extended Data Figure 1 | Sample RXTE/PCA light curves and power 
density spectra of M82. The 128s X-ray (3-13 keV) light curves (a, c) and 
the corresponding power spectra (b, d) of M82. The corresponding observation 
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IDs are shown in the top right of each panel. The light curves have a bin size 
of 1s, and the power spectra have a frequency resolution of 0.125 Hz. The 
error bars in a and c represent the standard error of the mean. 
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Extended Data Figure 2 | Long-term X-ray (3-13 keV) light curves of three 2006 March 3 to 2009 December 30). Data from 3C 111, MKN 110 and 3C 273 
accreting supermassive black holes. These were extracted from the same are shown in a, b and ¢, respectively. The count rates are not corrected for 
time window as the M82 observations (2004 September 2 to 2005 April 30 and _ background. 
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Extended Data Figure 3 | Average X-ray (3-13 keV) power spectra of three 
accreting supermassive black holes. Similar to the M82 analysis, these spectra 
were extracted by combining all the data (128 s data segments) shown in 
Extended Data Fig. 2. The Poisson noise level is equal to 2, and the 99.73% and 
99.99% confidence contours are indicated by horizontal dotted lines. The 
two dashed vertical lines are drawn at 3.32 and 5.07 Hz. In all three cases, 

3C 111 (a), MKN 110 (b) and 3C 273 (c), there are no significant power 
spectral features. The total PCA exposures used for these spectra were 630 ks 
(a), 738 ks (b) and 711 ks (c). 
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Extended Data Figure 4 | Long-term X-ray light curve and the average observations coincident with M82 monitoring were used (2004 September 
power density spectrum of a background sky field of RXTE/PCA. Similar to 2 to 2005 April 30 and 2006 March 3 to 2009 December 30), and the total 
Extended Data Fig. 3, the 99.73% and 99.99% contours and the vertical lines exposure time was 1,450 ks. The light curve (3-13 keV) is shown in (a). The 
at 3.32 and 5.07 Hzare indicated in the power density spectrum (b). Again, only —_ background has coordinates of RA = 5.0°, dec. = —67.0°. 
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Extended Data Table 1 | Dependence of the percentage r.m.s. amplitudes of the two oscillations in the X-ray bandpass 


PCA Energy Net Count Background Uncorrected % Corrected % 


Channels Range Rate® Count Rate rms Amplitude? rms Amplitude® 


3.32 Hz Quasi-Periodic Oscillation 


7-18 3-8 keV 19.0 10.5 1.1+0.2 2.8+0.4 
7-24 3-10 keV 24.3 14.5 1.1+0.2 2.50.4 
7-32 3-13 keV 29.9 18.9 1.1+0.1 2.70.4 


5.07 Hz Quasi-Periodic Oscillation 


7-18 3-8 keV 19.0 10.5 1.2+0.2 2.5+0.4 
7-24 3-10 keV 24.3 14.5 1.040.2 2.80.4 
7-32 3-13 keV 29.9 18.9 1.0+0.1 3.0+0.4 


*The total (source plus background) count rate in the given energy range (a). 

+ Not corrected for the background (6). 

¢ Background-corrected percentage r.m.s. amplitude (c) where corrected r.m.s. amplitude = (uncorrected r.m.s. amplitude) x (total count rate)/(source count rate). The source count rate is the total rate minus the 
background rate. We used 128s data segments for this study. 
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Hierarchical organization of chiral rafts in 


colloidal membranes 


Prerna Sharma'*, Andrew Ward!*, T. Gibaud’, Michael F. Hagan! & Zvonimir Dogic! 


Liquid-liquid phase separation is ubiquitous in suspensions of nano- 
particles, proteins and colloids. It has an important role in gel for- 
mation, protein crystallization and perhaps even as an organizing 
principle in cellular biology'”. With a few notable exceptions**, liquid- 
liquid phase separation in bulk proceeds through the continuous 
coalescence of droplets until the system undergoes complete phase 
separation. But when colloids, nanoparticles or proteins are confined 
to interfaces, surfaces or membranes, their interactions differ fun- 
damentally from those mediated by isotropic solvents”*, and this 
results in significantly more complex phase behaviour’ '*. Here we 
show that liquid-liquid phase separation in monolayer membranes 
composed of two dissimilar chiral colloidal rods gives rise to thermo- 
dynamically stable rafts that constantly exchange monomeric rods 
with the background reservoir to maintain a self-limited size. We visu- 
alize and manipulate rafts to quantify their assembly kinetics and 
to show that membrane distortions arising from the rods’ chirality 
lead to long-range repulsive raft-raft interactions. Rafts assemble into 
cluster crystals at high densities, but they can also form bonds to yield 
higher-order structures. Taken together, our observations demon- 
strate a robust membrane-based pathway for the assembly of mono- 
disperse membrane clusters that is complementary to existing methods 
for colloid assembly in bulk suspensions’* *’. They also reveal that 
chiral inclusions in membranes can acquire long-range repulsive 
interactions, which might more generally have a role in stabilizing 
assemblages of finite size’*’’. 

In the presence of a non-adsorbing polymer, monodisperse rod-like 
viruses experience effective depletion attractions that drive their lateral 
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association. These interactions can lead to the assembly of colloidal mono- 
layer membranes, one rod-length thick, that are held together by the 
osmotic pressure of the enveloping polymer suspension’*. Colloidal 
monolayers and lipid bilayers exhibit long-wavelength fluctuations des- 
cribed by the same free energy, despite their molecular-scale differences. 

In this work we investigated the behaviour of colloidal membranes con- 
taining a mixture of two rods: rod-like fd-Y21M virus (880 nm long) and 
M13KO7 virus (1,200 nm long)'?. Membranes were assembled by adding 
a depletant to a dilute isotropic mixture of fd-Y21M and M13KO7. After 
reaching a large enough size, membranes sedimented to the bottom of 
the sample chambers; the constituent rods pointed in the z direction and 
images were taken in the x-y plane (Fig. 1). For all parameters investigated, 
both rods co-assembled into the same colloidal membrane. At low deple- 
tant concentration the rods remained homogeneously mixed through- 
out the membrane (Fig. 1b, d), whereas at high depletant concentration 
they separated into bulk phases (Fig. 1b, f). At intermediate concentra- 
tions we observed the formation of highly monodisperse micrometre- 
sized droplets (colloidal rafts) enriched in short rods and floating in the 
background of long rods (Fig. 1e). Colloidal rafts did not coarsen with 
time, suggesting that they were equilibrium structures. 

To test this hypothesis we brought two membranes, each containing 
only one type of virus, into close proximity (Fig. 1a). On coalescence, 
the interface separating dissimilar rods became unstable as short rods 
invaginated into the long-rod fluid, giving rise to an interconnected net- 
work of rafts held together by thin metastable bridges (Fig. 1c and Sup- 
plementary Video 1). Over time the conjoining liquid bridges disintegrated, 
leading to the formation of isolated finite-sized rafts and demonstrating 


Figure 1 | Membrane-mediated assembly of monodisperse chiral colloidal 
rafts. a, Coalescence of membranes composed of short and long rods of 
opposite chiralities. b, Clustering of short rods dissolved in a long-rod 
membrane is driven by excluded-volume interactions. c, Coalescence of short 
right-handed fd-Y21M and long left-handed M13KO7 membranes leads to the 
formation of finite-sized rafts. d, Differential interference contrast and 
fluorescence images of a fd-Y21M-MK13KO7 membrane at 34 mg ml * 


dextran concentration show homogeneous mixing. fd-Y21M is fluorescently 
labelled. e, Formation of finite-sized clusters enriched in fluorescently labelled 
fd-Y21M at intermediate dextran concentrations (38 mg ml’). The 
background hue indicates that a small fraction of fd-Y21M rods are dissolved in 
the background membrane. f, Complete separation of the bulk phase is 
observed at the highest dextran concentrations (52 mg ml '). 
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that colloidal rafts have a lower free energy than a bulk separated phase. 
We have explored the behaviour of six phase-separating mixtures com- 
posed of viruses of various physical properties; in each case we observed 
micro-separated phases at intermediate polymer concentrations, suggest- 
ing that rafts are a ubiquitous feature of colloidal membranes (Methods). 
Here we focus on the behaviour of the fd-Y21M-M13KO7 mixture, using 
the unique features of colloidal membranes that allow us to manipulate 
rafts optically, to visualize their nucleation pathways and to track the 
real-space dynamics of isolated constituent rods. 

We determined the raft free-energy landscape by measuring how kon 
and kg the rates at which rods associate and dissociate from a raft, depend 
on the raft size. We measured k, using fluorescence recovery after photo- 
bleaching (FRAP)”’. Using a focused beam, we bleached an isolated raft 
of predetermined size. The fluorescence signal recovered within min- 
utes, indicating an exchange of bleached raft-bound rods with unbleached 
background rods (Fig. 2a and Supplementary Video 2). The fluorescence 
recovery curves were fitted by single-exponential curves (Fig. 2e). If the 
raft size does not change appreciably during of experiment, the fluores- 
cence recovery time constant is 1/ko¢ (Methods). By performing FRAP 
measurements on rafts of varying radii we determined the dependence 
of kor on raft size (Fig. 2h). 

To measure k,, we created a raft population with heterogeneous radii 
Rand quantified their subsequent growth rates (Fig. 2b, c, f and Sup- 
plementary Video 3). Rafts with R < Roitica quickly evaporated into the 
background membrane (Fig. 2g). When Reguitibrium > R > Reriticats rafts 
grew until attaining the equilibrium size. Finally, rafts with R > Reguitibrium 
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shrank slowly until achieving equilibrium. The evolution of raft size is 
governed by the kinetic equation 
dN (t) 
dt 


== koreN(t) a konCac 


where N(f) is the number of raft-bound rods and Cgg is the concentra- 
tion of short fluorescently labelled rods in the background. dN(t)/dt 
is determined from size evolution experiments (Fig. 2g), ko¢ is deter- 
mined through FRAP experiments, and Cg, is proportional to the mean 
fluorescence of the background membrane. The only unknown is ko, 
making it possible to determine its dependence on raft size. We found 
that ko, increased weakly with increasing raft size, consistent with two- 
dimensional diffusion-limited association kinetics. Having measured 
both ko, and korg (Fig. 2h), we calculate AG(N) = kgT(kot¢NAroa/Kon)s 
where NAjog is the raft area and AG(N) is the energy cost of adding a 
single particle to a raft (Fig. 2i). The minimum of the excess free energy 
satisfies AG — kgTIn(CgGAroa) = 0 and determines the equilibrium raft 
size, which corresponds to ~24,000 rods. Integrating AG over N reveals 
how the raft free energy, G(N), scales with the number of rods. The width 
of the parabola determines the fluctuations in raft area, namely ~ 1,400 
particles, corresponding to fluctuations of 30 nm in radius. Such fluctua- 
tions are below the resolution limit of the optical microscope, consistent 
with our observation of a monodisperse raft distribution in equilibrium. 

To validate our analysis independently, we performed single-molecule 
lifetime experiments by tracking a small fraction of fluorescently labelled 
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Figure 2 | Single-molecule analysis reveals raft nucleation dynamics and 
assembly kinetics. a, The fluorescence of a bleached cluster recovers after a few 
minutes, revealing kinetics of rod exchange between rafts and the membrane 
background. b, Initially polydisperse rafts equilibrate in size after many hours. 
c, Expansion of an undersized raft and contraction of an oversized raft. 

d, Fluorescently labelled fd-Y21M rods associate and dissociate from a raft, 
revealing binding kinetics at the single-molecule level. e, Exponential recovery 
of cluster fluorescence intensity after a photobleaching event yields kor for rafts 
with different sizes. f, Time evolution of cluster growth depends on the initial 
cluster size. Inset: a subcritical raft quickly evaporates into the membrane 
background. g, The dependence of raft expansion rates on raft size directly 
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reveals the critical nucleus size and equilibrium size. h, Combining single-raft 
fluorescence recovery measurements with raft expansion rates reveals the 
dependence of ko¢¢ (circles) and k,,, (stars) on raft size (each point represents a 
single measurement). i, The minimum in raft free-energy landscape indicates 
the equilibrium raft size. Inset: AG, the free-energy change associated with 
adding a single virus to a colloidal raft (each point represents a single 
measurement). j, Exponential decay of the autocorrelation function of the 
number of raft-bound rods, Nt), yields both kog and k,,. For equilibrium- 
sized rafts, single-molecule analysis agrees with measurements in h. Inset: plot 
of Nt). Scale bars, 2.5 um. 
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Figure 3 | Raft-induced chiral twist governs membrane-mediated raft 
repulsions. a, Effective pair interaction potential obtained using the blinking 
trap technique for clusters with diameters of 2.9 {um (blue), 2.1 tm (black) and 
1.6 1m (red). Inset: interaction potential rescaled by the maximum tilt angle. 
b, Images of cluster pairs for which interactions were measured. c, LC-PolScope 
image of heterogeneous rafts embedded in a membrane. d, Dependence of 
radially averaged retardance profile on raft size. e, Peak retardance (maximum 
tilt angle; circles) increases linearly with increasing raft size. The twist 
penetration depth (stars) is independent of domain size (each point represents a 
single measurement). 


short rods in an otherwise unlabelled membrane (Fig. 2d and Supplemen- 
tary Video 4). Overlaying of fluorescent images onto simultaneously 
acquired phase-contrast images revealed raft-bound rods as a function 
of time, N,(t) (Fig. 2j). From such results we find that for equilibrium rafts 
kon = 3.7 min‘ um? and kog = 0.15 min’, which isin agreement with 
FRAP measurements (Methods). Very few other experimental systems'*" 
permit the visualization of subcritical nucleation dynamics and the mea- 
surement of the associated free-energy landscape enabled by our col- 
loidal membranes. 

With an understanding of single-raft assembly kinetics, we subsequently 
measured membrane-mediated raft-raft interactions by adapting a tech- 
nique based on blinking optical tweezers”. To manipulate rafts, which 
are repelled from a focused laser, we created an optical plough composed 
of multiple beams. Using two ploughs we pushed a raft pair into close 
proximity. Subsequently, we switched off the traps and quantified raft 
trajectories as they were pushed apart by repulsive interactions (Sup- 
plementary Video 5). Repeating this procedure dozens of times yielded 
the inter-raft potential (Methods). The effective repulsive potential is 
described by an exponential with a characteristic length scale of 0.65 tm 
(Fig. 3a). The measured raft-raft interactions can be quantitatively related 
to raft-induced membrane distortions visualized with a quantitative polar- 
ized light microscope (LC-PolScope). This technique yields images whose 
intensity indicates the local retardance, which is related to the local tilt 
of rods away from the membrane normal vector (Fig. 3c)**. The interior 
of a homogeneous one-component membrane viewed in the x-y plane 
lacks optical anisotropy and appears dark in the LC-PolScope. In con- 
trast, rafts imaged with the LC-PolScope had a spatially varying retar- 
dance, indicating local twisting of raft-bound rods. 

Such deformations can be understood by considering that fd-Y21M 
and M13KO7 have right-handed and left-handed chirality, respectively°™*. 
Asa consequence, the interaction energy between membrane-embedded 
viruses is minimized when neighbouring rods are not parallel to each 
other but are twisted at a small but finite angle. The radially averaged 
retardance profile reveals that, starting from the raft centre, fd-Y21M 
rods twist with a right-handed sense, leading to increasing rod tilt away 
from the monolayer normal. The tilt attains a maximum at the raft’s edge. 


LETTER 


Moving past the edge, the membrane is enriched in left-handed M13KO7. 
The left-handed twist induces tilting of rods back towards the membrane 
normal. Larger rafts attain a larger maximum edge tilt; however, the char- 
acteristic length over which twist penetrates into the background mem- 
brane is independent of raft size (Fig. 3d, e). The length scales associated 
with raft repulsion and raft-induced twist deformation are comparable, 
suggesting a possible link. 

Homo-chiral colloidal membranes are inherently frustrated, because 
the constituent rods cannot simultaneously twist locally and assemble 
into a monolayer globally. Consequently, twist is expelled from the mem- 
brane interior to the edges. Increasing the rod chirality raises the free 
energy of interior untwisted rods while lowering the free energy of edge- 
bound twisted rods, leading to chiral control of edge line tension””®. For 
uniformly mixed binary membranes, the same constraints enforce un- 
twisting of all constituent chiral rods, thus raising their free energy. 
However, the formation of right-handed rafts in the left-handed back- 
ground allows twist to penetrate into the membrane interior, lowering 
raft free energy. Besides explaining raft stability, this picture also explains 
the origin of inter-raft repulsion. Bringing two rafts together closer than 
the twist penetration length requires energetically costly untwisting of 
chiral rods. Our hypothesis predicts that the range of raft repulsion is 
independent of cluster size, while its strength increases linearly with clus- 
ter size. Measured potentials between clusters of different sizes agree 
with these predictions (Fig. 3a, b). Furthermore, when the magnitude 
of the repulsive interactions is rescaled by the maximum twist at the rafts 
edge obtained from LC-PolScope images, all potentials collapse on top 
of each other, thus establishing a quantitative relationship between raft- 
induced chiral distortions and membrane-mediated raft interactions. 
These experiments describe how chirality stabilizes finite-sized rafts, a 
mechanism that is complementary to other proposed mechanisms” ”’. 

The emergent raft repulsions can be used to assemble higher-order 
structures. To explore this capability, we measured the raft radial dis- 
tribution function, g(r), for samples with increasing raft density (Sup- 
plementary Video 6). In the dilute limit, g(r) is zero for small separations, 
indicative of strong repulsive interactions, and constant elsewhere (Fig. 4a). 
At intermediate raft densities, g(r) exhibits liquid-like oscillations that 
decay after a few coordination shells (Fig. 4b). At highest densities, rafts 
form two-dimensional crystal-like structures as demonstrated by sharp 
peaks in g(r) (Fig. 4c). This behaviour is reminiscent of conventional 
two-dimensional repulsive colloids. However, there are also important 
differences, because colloidal crystals are assembled from immutable 
solid particles whereas the membrane-embedded crystals are assembled 
from highly adaptable, size-adjustable rafts, each of which constantly 
exchanges rods with the background. Moreover, whereas conventional 
droplets in bulk suspensions always assume a surface-minimizing spher- 
ical shape, the behaviour of rafts embedded in a membrane is signifi- 
cantly more complex. For example, at higher ionic strength (125 mM) 
and depletant concentration (40 mg ml“ and above), the interactions 
between rafts are no longer purely repulsive. Instead, as two rafts approach 
each other they can form a stable bond that takes a shape ofa thin liquid 
bridge. Such processes lead to the formation of raft dimers, trimers and 
higher-order structures, which remain stable for many days (Fig. 4d and 
Supplementary Video 7). It is even possible to observe the assembly of 
highly complex structures such as a classical bead-spring polymer formed 
from nine raft subunits. The resulting polymer-like structure exhibits 
large fluctuations in shape; a quantitative analysis of these fluctuations 
reveals that the preferred angle of the neighbouring bonds is 109° (Fig. 4e 
and Supplementary Video 8). 

Thus, we have demonstrated that chirality is important in the for- 
mation of thermodynamically stable, finite-sized, monodisperse rafts 
and their assembly into higher-order structures through membrane- 
mediated repulsive interactions that are orders of magnitude longer in 
range than attractive depletion interactions”. The chiral molecule cho- 
lesterol is known to be essential for the assembly of lipid rafts in biolog- 
ical membranes. However, our membranes comprised two oppositely 
twisted chiral colloids, whereas biological membranes contain only one 
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Figure 4| Assembly of raft crystals and aspherical supra-rafts. a, Radial 
distribution function, g(r), of dilute membrane-embedded clusters. The 
stoichiometric ratio of M13KO7 to fd-Y21M is 6:1. Inset: representative image 
of the membrane. b, At intermediate raft densities g(r) exhibits a liquid-like 
structure (ratio of M13KO7 to fd-Y21M 4:1). c, At high densities, rafts organize 
into a two-dimensional cluster crystal (ratio of M13KO7 to fd-Y21M 2.2:1). 


chiral constituent; the possible biological relevance of the chiral effects 
we have documented therefore remains an open question. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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METHODS 


Virus growth and sample preparation. For our experiments we prepared a num- 
ber of different viruses of varying contour length, chirality and persistence length 
including: fd-wt (wild type), fd-Y21M, M13KO7, M13-wt (wild type), M13mp18, 
fd-tet and Litmus phagemid grown with M13KO7 helper phage’. In preliminary 
investigations we explored six different mixtures: fd-Y21M and M13KO7, M13-wt 
and M13KO7, M13mp18 and M13KO7, fd-wt and fd-tet, fd-wt and M13KO7, and 
fd-wt and Litmus phagemid. In all these mixtures we found that stable microphase 
separation was located between uniformly mixed membranes at low depletant con- 
centrations and bulk separation at high concentration. To make progress we pri- 
marily focused on a mixture of filamentous bacteriophages fd-Y21M and M13KO7. 
The rod-like fd-Y21M virus has a diameter of 6 nm, a contour length of 880 nm and 
a persistence length of 9.9 um (ref. 19). M13KO7 has the same diameter but a con- 
tour length of 1,200 nm and a persistence length of 2.8 jum (ref. 31). Both systems 
exhibit isotropic, cholesteric and smectic phases with increasing virus concentration. 
However, fd-Y21M forms a cholesteric phase with a right-handed twist, whereas 
the M13KO7 cholesteric phase twists in the opposite direction’”**. 

M13KO7 and fd-Y21M viruses were purified using standard biological protocols”. 

To remove end-to-end dimers or longer viruses that destabilize colloidal membranes, 
purified virus suspensions were fractionated trough the isotropic-nematic phase 
transition”. Only the isotropic fraction, enriched in nominal length viruses, was 
used for assembling colloidal membranes. Viruses were suspended in Tris-HCl buffer 
(20 mM pH 8.0) to which 100 mM NaCl was added to screen electrostatic interac- 
tions. For fluorescence visualization, primary amines of the major coat protein of 
fd-Y21M were labelled with amine reactive fluorophore (DyLight-NHS ester 550; 
Thermo Fisher)’’. There are about 2,700 labelling sites available on the virus sur- 
face. However, each virus was labelled at a low volume fraction (~30 dye molecules 
per virus), ensuring that the labelling did not affect the system phase behaviour. fd- 
Y¥21M and M13KO7 were mixed at known stoichiometric ratios. The non-adsorbing 
polymer dextran (molecular mass 500,000 Da; Sigma-Aldrich) was added to this 
suspension, and the resultant suspension was injected into an observation chamber. 
The chamber was made from a microscope slide and a coverslip (Goldseal; Fisher 
Scientific) separated by a spacer consisting of a non-stretched Parafilm and sealed 
with ultraviolet-cured glue (Norland Optical). Glass surfaces were thoroughly cleaned 
with a hot 1% soap solution (Hellmanex; Hellma Analytics). Samples prepared in 
this manner remained stable for weeks or even months. The final concentration of 
bi-disperse virus mixture was 2.5 mg ml. All the measurements were performed 
for membranes assembled at 40 mg ml ' dextran concentration. Membranes ini- 
tially assembled in the bulk suspension but owing to their density they eventually sedi- 
mented onto the coverslip. To prevent non-specific absorption, glass surfaces were 
coated with a polyacrylamide brush, which suppressed the depletion interaction 
between viruses and the glass walls*. 
Optical microscopy methods. Within a liquid-like colloidal monolayer membrane, 
rods with opposite chirality phases separated to form finite-sized colloidal rafts, with 
the exact behaviour depending on the depletant concentration. Raft structures and 
dynamics were examined with several complementary optical microscopy tech- 
niques. Differential interference contrast, phase contrast and fluorescence images 
were acquired using an inverted microscope (Nikon TE2000) equipped with an oil- 
immersion objective (1.3 numerical aperture, X 100 Plan-Fluor) and connected to 
charge-coupled-device camera (Andor Clara). Fluorescently labelled fd-Y21M virus 
was imaged using the same setup equipped with mercury-halide epifluorescence 
source and a rhodamine filter cube (excitation wavelength 532-554 nm, emission 
wavelength 570-613 nm). The exposure time for acquisition of fluorescent images 
was 100 ms. 

Spatial variations of rod tilt with respect to the membrane normal were deter- 
mined using an LC-Polscope (Cambridge Research and Instrumentation)**. The 
LC-PolScope yields images in which the intensity of each pixel is proportional to 
local sample birefringence. Subtraction of the background birefringence enabled 
the visualization of subnanometre birefringent images with LC-PolScope, something 
that is not possible with conventional techniques. For a membrane lying in the image 
plane, it is possible to translate the LC-PolScope birefringence signal quantitatively 
into local tilting of the rods away from the membrane normal”*”*. 
Determination of ko¢ using single-raft FRAP. DyLight 550 attached to fd-Y21M 
surface has an excitation wavelength of 562 nm. An isolated raft of predetermined 
size enriched with fluorescently labelled fd-Y21M was illuminated with a focused 
laser beam (~100 mW, 514 nm). Under these conditions, raft-bound rods bleached 
instantaneously for all practical purposes. The exchange of rods between rafts and 
the background membrane caused fluorescence to recover ona timescale of minutes. 
This process can be modelled using kinetic equations. N,{t) and N,(t), respectively, 
describe the number of fluorescent and bleached rods in a raft at time t. Assuming 
that the raft size does not change on fluorescence recovery timescales and that the 
concentration of bleached rods in the membrane background is negligible, the time 
evolution of Nt) and N,(t) is given by 
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dNi(*) = — Kore N¢(t) + konCac 


dt 


dN, (t) 
dt 


= —kogeNp(t) 


where ko and k,,, are rod dissociation and association rates and Cgc is the con- 
centration of fluorescent fd-Y21M rods in the background membrane”. The exper- 
imentally measured total raft intensity is given by I,o¢(t) = aN,(t) + BN,(t), where 
a and f are the intensities of single fluorescently labelled and bleached viruses, 
respectively. Perfect bleaching would result in 6 = 0. However, we found that this 
not the case: bleached rods retained finite fluorescence. Solving for I,o¢(t) yields 


Trot (t) = exp( = Koret) (Io — PC kon/ kot) + Bokon [Kost (1) 


where Ip is the raft fluorescence intensity after completion of the photo-bleaching 
event and I3° is the mean fluorescence intensity of the background membrane. 
Equation (1) shows that the fluorescence recovery process can be approximated by 
a single-exponential rate, in agreement with experimental findings. The exponen- 
tial time constant yields the rod dissociation constant 1/ko¢ (Fig. 2e, h). 
Evolution of polydisperse rafts yields k,,. Heterogeneously sized rafts evolved 
towards equilibrium, a state characterized by rafts of uniform size. Using optical 
tweezers we fragmented/fused a small fraction of rafts, thus creating an artificially 
polydisperse population, and then quantified their subsequent size evolution. The 
long-time-lapse videos required for this measurement were acquired on a micro- 
scope equipped with auto-focus capabilities (Perfect-Focus; Nikon Ti-E). The rate 
equation governing the evolution of raft size is 


AN(t) 
dt 

where N(f) is the total number of raft bound rods at time f. Cluster size evolution 
experiments yielded dN(t)/dt and N(t) (Fig. 2g), Cgc was extracted from fluores- 
cent membrane images, and kog and its size were obtained from previously described 
single-raft FRAP measurements. It follows that k,, and its dependence on raft size 
can be uniquely determined from equation (2), because all other parameters are 
determined from independent experiments. 
Measuring the raft free-energy landscape. The change in free energy, AG, required 
to add a single rod to a raft containing N rods is given by 


kon / Kote =AroaNe~ 46/koT (3) 


= — kos N(t) + kon Cac (2) 


where Ayod is the effective area occupied by a single fd-Y21M virus, N is the number 
of rods in a raft and A,,qN is the raft size. Assuming dilute suspension conditions, 
the chemical potential of fd-Y21M rods dissolved in the background membrane is 
given by p = kgT In(CgGAyoa)- The net change in free energy associated with taking 
a single fd-Y21M virus from the background and inserting it into a raft containing 
N rods is given by AG — i (Fig. 2i, inset). The absolute raft free-energy landscape 
up toa constant offset was obtained by numerically integrating AG — 1 with the use 
of a cumulative trapezoidal rule (Fig. 2i). 

Single-molecule analysis. We prepared raft-bearing membranes with non-fluorescent 
long and short rods. These membranes were doped with a very low volume fraction 
of fluorescent short rods (~0.003%) enabling us to visualize the motion of single 
rods within the membrane background and rafts. The membranes were simulta- 
neously visualized in phase contrast and fluorescence microscopy to determine the 
number of raft-bound labelled rods, Ng. Standard analysis shows that the decay of 
the autocorrelation function of N¢ is given by (N¢(t)N¢(t-+ At)) —(N;(t))? = 

(KonCac/Kotr)e~ ko" (ref. 37). Therefore kgg and k,, can be determined uniquely 
with this expression. These measurements were performed for equilibrium-sized 
rafts only. 

Measurement of membrane-mediated repulsive raft interactions. To measure 
effective raft-raft interactions, we used the blinking optical trap technique origin- 
ally developed for measuring effective potentials of conventional spherical colloids”. 
Being enriched in shorter fd-Y21M rods, rafts are repelled from an optical trap. To 
manipulate these rafts, we created an optical plough-like configuration consisting 
of multiple time-shared optical traps generated by an acousto-optic deflector. Using 
a pair of optical ploughs we brought two rafts into close proximity (Supplementary 
Video 5). Once the traps were switched off, the repulsive membrane-mediated inter- 
actions drove the rafts apart. It was possible to measure these interactions by repeat- 
ing the blinking experiment dozens of times and analysing the time evolution of 
subsequent raft trajectories. Focusing an optical trap onto a membrane induces local 
distortions that could potentially affect the measurement of raft interactions. This 
made it advantageous to measure interactions using blinking optical traps. In this 
technique, the traps are only used to bring two rafts into an initial low-probability 
configuration, but the actual measurement is performed when the optical traps are 
switched off. On switching the laser off, the trap-induced membrane distortions 
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relaxed on a millisecond timescale, which is essentially instantaneous when com- 
pared with the timescale of minutes over which two repulsive rafts drift apart. 

Optical plough trap configurations were generated by time sharing a laser beam 
(4W, 1064 nm, Compass 1064, Coherent) using a pair of orthogonally oriented para- 
tellurite acousto-optic deflectors (Intra-Action). The laser beam was projected onto 
the back focal plane of an oil-immersion objective (1.3 numerical aperture, X 100 
PlanFluor) and focused onto the imaging plane. The multiple trap locations were 
specified with a custom LABVIEW software. Raft separations were measured as a 
function of time, once the traps had been switched off, using standard video track- 
ing methods”. The time lapse between successive frames was 100 ms and the expo- 
sure time was 50 ms. 

The discretized probability of a raft pair’s being separated by distance r; at time 
t+ At is given by 


p(%)) = > P(r) alr) 


where P is the transition probability for a raft pair initially separated by distance r; 
at time f to be separated by distance r; at time t + Af later. p(r;) is the probability of 
a raft pair’s being separated by a distance r; at time t (ref. 22). Experimentally, P is 


determined by binning the trajectories according to the initial and final separations 
in each time step. The steady-state solution to equation (1) is equal to the equilib- 
rium probability, p(r), computed by calculating the eigenvector of the transition 
probability matrix. The inter-raft potential is given by U(r) = —kgTIn(p(r)). 
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Temperature sensitivity of soil respiration rates 
enhanced by microbial community response 
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Soils store about four times as much carbon as plant biomass’, and 
soil microbial respiration releases about 60 petagrams of carbon per 
year to the atmosphere as carbon dioxide’. Short-term experiments 
have shown that soil microbial respiration increases exponentially 
with temperature’. This information has been incorporated into 
soil carbon and Earth-system models, which suggest that warming- 
induced increases in carbon dioxide release from soils represent an 
important positive feedback loop that could influence twenty-first- 
century climate change*. The magnitude of this feedback remains 
uncertain, however, not least because the response of soil microbial 
communities to changing temperatures has the potential to either 
decrease*’ or increase*’ warming-induced carbon losses substan- 
tially. Here we collect soils from different ecosystems along a climate 
gradient from the Arctic to the Amazon and investigate how micro- 
bial community-level responses control the temperature sensitivity of 
soil respiration. We find that the microbial community-level response 
more often enhances than reduces the mid- to long-term (90 days) 
temperature sensitivity of respiration. Furthermore, the strongest 
enhancing responses were observed in soils with high carbon-to- 
nitrogen ratios and in soils from cold climatic regions. After 90 days, 
microbial community responses increased the temperature sensitiv- 
ity of respiration in high-latitude soils by a factor of 1.4 compared to 
the instantaneous temperature response. This suggests that the sub- 
stantial carbon stores in Arctic and boreal soils could be more vul- 
nerable to climate warming than currently predicted. 

Short-term experiments have demonstrated that the rate of soil mi- 
crobial respiration increases exponentially with temperature, and this 
general relationship has been used to parameterize soil carbon (C) and 
Earth-system models*"®. However, plant physiologists have demon- 
strated that short-term measurements are inadequate for representing 
the dynamic response of plant respiration to changes in temperature. 
In plants, thermal acclimation, defined as the “subsequent adjustment 
in the rate of respiration to compensate for an initial change in temper- 
ature", greatly reduces the impact of temperature changes on respira- 
tion in the medium- to long-term, and incorporating this acclimation 
into models alters predicted rates of terrestrial C uptake’’. In soil, there 
may bea response in microbial communities that is analogous to ther- 
mal acclimation in plants, given that these communities adapt to changes 
in temperature'’. However, it is unclear whether microbial community 
responses always reduce the effect of a temperature change on respira- 
tion rates. Responses that enhance the instantaneous effect of temper- 
ature changes on soil respiration have also been observed*”"*. Until now 
there has been no large-scale evaluation of the role of microbial com- 
munity responses in controlling the temperature sensitivity of soil 


respiration, adding considerable uncertainty to predictions of the mag- 
nitude and direction of C-cycle feedbacks to climate change’. 

Despite several attempts at clarification, the use of terminology re- 
mains quite confused in this research field’*. Because measurements of 
soil microbial respiration are made at the level of the whole commun- 
ity, they encompass acclimation (physiological responses of individuals), 
adaptation (genetic changes within species) and ecological responses 
(for example, competition altering species composition), all of which 
can lead to adjustments in respiration rates following a sustained change 
in temperature’. For this reason, rather than acclimation or adaptation, 
which have strict definitions, we have chosen to use the term “community- 
level response’. These community-level responses can be either com- 
pensatory or enhancing (that is, reducing or increasing the effect of a 
temperature change on respiration rates in the longer term). We inves- 
tigated how microbial community-level responses affect the temper- 
ature sensitivity of soil respiration. 

When soil is warmed for an extended period, the initial increase in 
biological activity leads to a loss of readily decomposable C (ref. 5). 
Microbial activity then tends to decline in the longer term, but it is 
often impossible to determine whether this is caused by the loss of the 
readily decomposable C or by a compensatory response of the micro- 
bial community, given that both would reduce activity’®”’. To differen- 
tiate between these two mechanisms, we established an approach’ that 
involves cooling soil in the laboratory. Compensatory community re- 
sponses and substrate loss should have opposite effects on microbial ac- 
tivity under cooling conditions. In the absence of C inputs, soil C losses 
still occur in cooled soils, thus reducing activity, albeit at a slower rate 
than in the controls. However, a compensatory response of the micro- 
bial community should result in a gradual increase in respiration rate as 
the community compensates for the effects of the cooling; this is ana- 
logous to what is observed for thermal acclimation of plant respiration". 
Furthermore, because we can quantify rates of soil C loss, we can also 
identify enhancing responses if respiration rates decline more rapidly 
in the cooled soil than in the control. 

Using our cooling approach, we carried out a global investigation 
of how microbial community responses to temperature changes affect 
soil respiration rates, collecting soil from sites representing a range of 
ecosystem types (arable, grassland, deciduous and evergreen broadleaf 
forest, coniferous forest and heath) across a gradient of mean annual 
temperature (MAT) from —6°C to 24°C (Fig. 1 and Extended Data 
Table 1). Twenty samples of each soil were pre-incubated at 3 °C above 
the MAT of their collection site (see Fig. 2a) for 84 days to allow res- 
piration rates to stabilize. On day 84, five samples were destructively 
sampled for microbial biomass determination, ten samples were cooled 
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Figure 1 | Soil was sampled from boreal and Arctic, temperate, 
Mediterranean and tropical climates. Arable, grassland, heath, coniferous 
forest and deciduous forest (A, G, H, C and D) sites were sampled in each 
climatic region (except the tropics, where evergreen (E) broadleaf forest sites 
were sampled along an altitudinal gradient in the Peruvian Andes), and within 
each ecosystem type, sites are numbered from 1 to 5 in order of increasing 
MAT. Details of sampling sites (vegetation and soil characteristics) are 
presented in Extended Data Table 1. 


by 6 °C (MAT minus 3 °C), and five controls were maintained at MAT 
plus 3 °C for the remaining 90 days of the experiment. Five of the cooled 
samples were incubated at MAT minus 3 °C for 90 days, a time period 
relevant to seasonal changes in temperature, which have been hypothe- 
sized to cause thermal adaptation”*. The other five cooled samples were 
rewarmed to MAT plus 3 °C after 60 days at MAT minus 3 °C, and in- 
cubated at MAT plus 3 °C for the remaining 30 days of the experiment, 
allowing the reversibility of any response to be determined. 

Our approach establishes two clear criteria for quantifying either com- 
pensatory or enhancing community-level responses (Fig. 2a and Ex- 
tended Data Fig. 1). First, the carbon dioxide (CO,) flux, normalized to 
the flux at the time of cooling (control samples) or immediately after 
cooling (cooled samples), was plotted against cumulative C loss (see 
Methods and Extended Data Figs 1-7). The impact of community 


responses on respiration rates at the measurement temperatures (RRwr, 
where RR represents the response ratio) was calculated as the normal- 
ized control respiration rate, at the percentage C loss corresponding to 
the total percentage C loss in the cooled soils (see Supplementary Infor- 
mation), divided by the normalized cooled respiration rate at the end of 
the incubation. Ratios <1 indicate a compensatory response (that is, 
normalized respiration rates were greater at a given level of soil C loss 
in the cooled treatment), and ratios > 1 indicate an enhancing response 
(that is, normalized respiration rates were lower at a given level of soil C 
loss in the cooled treatment). A second quantitative measure was obtained 
by comparing the respiration rates of samples rewarmed after 60 days of 
cooling with control sample respiration rates at the same C loss (see Sup- 
plementary Information). This ratio ata common temperature’? (RRcr) 
was calculated as the control respiration rate divided by rewarmed res- 
piration rate and, again, ratios <1 and >1 indicate compensatory and 
enhancing responses, respectively. Given that changes in biomass have 
been considered to be important in previous studies®, we also calculated 
RRysr On a microbial-biomass-specific basis (see Methods). 

All three possible community-level responses were observed: com- 
pensatory responses (Fig. 2c), enhancing responses (Fig. 2d) and no 
response (Fig. 2b). However, for the 22 soils analysed, many more sta- 
tistically significant cases of enhancing responses were observed (see 
Supplementary Information). Overall average response ratios (n = 22 
soils) were significantly above 1 (P < 0.01 for RRurr; Fig. 3a; P< 0.05 for 
RRcr, Fig. 3b). In all cases of clear enhancing or compensatory responses, 
respiration rates after rewarming subsequently approached control rates 
(see Fig. 2c, d). This reversibility of the response indicates that the pat- 
terns were not caused by cooling altering the decomposability of the 
remaining C, and emphasizes the comparability, in terms of effects on 
rates of respiration, of microbial community responses to cooling and 
warming. 

The average RRyyr Values were greatest for boreal and Arctic soils (MAT 
<7 °C group; Fig. 3a), but also significantly above 1 for the MAT > 14°C 
group. For the MAT < 7 °C group, the microbial community response 
increased the temperature sensitivity of soil respiration by a factor of 
1.4 during the 90 days of cooling; the temperature sensitivity, expressed 
as a Qio value (proportional change in respiration for a 10 °C change in 
temperature), increased from 4.6 at the time of cooling to 6.3 at the end 
of the incubation (see Methods). 

Arable or ‘managed’, low-C-content, and low carbon-to-nitrogen ratio 
(C:N) soils were the only soils to show average RRyrt Values close to or 
below 1 (Fig. 3a). Enhancing responses were generally more common 
in soils with high C content, high C:N ratios and low pH values (Fig. 3a); 
forest and ‘natural ecosystem’ groups also showed enhancing responses. 
C:N ratio was the only soil or site variable (Fig. 3a) that was signifi- 
cantly correlated with the RRwrr responses across all data (In[RRwrr] = 
0.188 X In[C:N] — 0.406, R* = 0.335, P = 0.005), and the low RRyyr for 
the MAT 7°C-14 °C group may have been related to the greater 
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Figure 2 | The patterns of CO, flux that would be observed in the case of no 
response, compensatory and enhancing community-level responses. The 
schematic diagram (a), indicates how a gradual increase in soil respiration rate 
after cooling provides support for a compensatory response, while a more rapid 
decline in cooled soils indicates an enhancing response, as well as how 
differences in rates of respiration in rewarmed versus control samples can be 
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Cumulative C loss (percentage of initial C) 


used to quantify the magnitude and direction of the community-level response 
(see also Extended Data Fig. 1). b-d, Examples of measured CO) fluxes 
illustrating no response (b, soil 2C), compensatory response (c, soil 3A) and 
enhancing response (d, soil 1C) given as mean respiration rates + 1 standard 
error (n = 5). A break in the x-axis scale denotes that pre-incubation data 
are not shown. 
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Figure 3 | The impact of the microbial community responses on the 
response of soil respiration to changes in temperature. The mean + 95% 
confidence intervals of RRyr (a) and RRcy values (b) are presented overall 
(that is, including all data), and for different soil groups, based on ecosystem 


number of managed, low C:N ratio soils in this group rather than the 
temperature range itself. 

Overall, our results demonstrate that microbial-community-level re- 
sponses enhance the impacts of temperature changes on soil respira- 
tion rates. To improve mechanistic understanding, and for modelling 
dynamics’*”®, it has been argued that changes in biomass must be 
accounted for explicitly in quantifying microbial community responses”. 
In our study, for a given C loss, biomass did not differ much between 
cooled and control soils (whether measured by chloroform-fumigation 
extraction or quantitative polymerase chain reaction, qPCR), and thus 
mass-specific patterns did not differ substantially from the raw responses; 
mass-specific responses (RRyr_ms) had slightly greater average values 
(RRurr_ms > RRwrr) but also showed greater variability (Extended Data 
Fig. 8 and Supplementary Information). Overall, changes in microbial 
biomass could not explain the observed microbial community responses. 

The greater enhancing responses in cold soils and in soils with high 
C:N ratios require further consideration. The requirements for surviv- 
ing at low temperatures are known to present strong selection pressures 
that induce fundamental changes at the cellular level’’”. In plants, cold 
acclimation results in an upregulation of respiration rates at lower 
temperatures"’, but our data demonstrate that adaptation to cooling 
by microbial communities in high-latitude soils reduces respiration rates, 
which may be consistent with strategies that promote survival but reduce 
metabolic activity’*’*. However, strong enhancing responses were also 
observed in some tropical and Mediterranean soils, so the develop- 
ment of cold tolerance cannot be the full explanation for the observed 


type, management, climate and various soil properties (n is given in 
parentheses). Values >1 indicate an enhancing response, and values <1 
indicate a compensatory response. 


responses. C:N was the only variable that was positively correlated with 
RRywrracross all data. If the temperature sensitivities of key N-cycle pro- 
cesses are greater than some C-cycle processes”, then it is possible that 
N availability may limit microbial activity following cooling, especially 
in soils with high C:N values. This could potentially induce adaptive 
changes in allocation to N versus C acquisition to meet stoichiometric 
requirements”, which could in turn be reversed on rewarming. Links 
between C and N cycling may also help to explain why our results differ 
from some previous studies. Compensatory thermal adaptation has pre- 
viously been observed in ectomycorrhizal fungi grown on agar'*, and 
also in monocultures of heterotrophic fungi’. The dominance of enhanc- 
ing adaptation responses identified in our study could be related to the 
fact that community-level competition for C and N sources is import- 
ant for determining the overall response to warming. 

In conclusion, enhancing community-level responses were much more 
common than compensatory responses, with the latter mainly limited to 
arable soils and soils with low C content (Fig. 3), thus limiting the poten- 
tial importance of compensatory responses for rates of climate-change- 
induced C losses. The predominance of enhancing responses implies that 
decreased soil respiration rates in response to long-term ecosystem 
warming in the field” are probably related to the loss of readily decom- 
posable C, rather than to any community-level response downregu- 
lating microbial respiration rates. Finally, given that boreal and arctic 
regions contain more than half of the global soil C stock’®, the strong 
enhancing responses observed in these soils could have important 
consequences for the global C budget. 
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and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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The role of mantle-lithosphere interactions in shaping surface to- 
pography has long been debated’ ’. In general*”, it is supposed that 
mantle plumes and vertical mantle flows result in axisymmetric, long- 
wavelength topography, which strongly differs from the generally 
asymmetric short-wavelength topography created by intraplate tec- 
tonic forces. However, identification of mantle-induced topography 
is difficult’, especially in the continents’. It can be argued therefore 
that complex brittle-ductile rheology and stratification of the con- 
tinental lithosphere result in short-wavelength modulation and local- 
ization of deformation induced by mantle flow’. This deformation 
should also be affected by far-field stresses and, hence, interplay with 
the ‘tectonic topography (for example, in the ‘active/passive’ rifting 
scenario”*). Testing these ideas requires fully coupled three-dimensional 
numerical modelling of mantle-lithosphere interactions, which so 
far has not been possible owing to the conceptual and technical limita- 
tions of earlier approaches. Here we present new, ultra-high-resolution, 
three-dimensional numerical experiments on topography over mantle 
plumes, incorporating a weakly pre-stressed (ultra-slow spreading), 
rheologically realistic lithosphere. The results show complex surface 
evolution, which is very different from the smooth, radially symmetric 
patterns usually assumed as the canonical surface signature of mantle 
upwellings’. In particular, the topography exhibits strongly asymmet- 
ric, small-scale, three-dimensional features, which include narrow and 
wide rifts, flexural flank uplifts and fault structures. This suggests a 
dominant role for continental rheological structure and intra-plate 
stresses in controlling dynamic topography, mantle-lithosphere inter- 
actions, and continental break-up processes above mantle plumes. 
The question of the spatial scales at which surface topography is 
affected by mantle-lithosphere interactions rather than by plate-scale 
processes has attracted attention’ **"° owing to its key importance for 
understanding the Earth’s tectonic, magmatic and seismic activity**. 
This problem becomes crucial specifically in the light of current debates 
concerning the existence and impact of mantle plumes", the significance 
of the LAB (lithosphere-asthenosphere boundary), large-scale mantle- 
lithosphere instabilities” and lithosphere rheology’’, and the mechanisms 
of continental rifting and breakup“. Of particular interest is the asym- 
metric or complex surface topography in regions where plate mechan- 
ics might influence mantle dynamics, such as the East African?*’*"*, 
Tanzanian*’*"*, Red Sea*"* and Dead Sea rift systems*"*, the Pannonian- 
Carpathian system’, the Basin and Range province”, the Rio Grande 
rift and the Colorado plateau™, the Iranian and Tibetan plateaus”, the 
Yellowstone hotspot’’, and some cratons’*’*. Mantle-lithosphere inter- 
actions have important consequences for tectonic evolution and for 
long-term climate change. For example, Archaean metallogenic ‘crises’ 
(sharp accelerations of metallogenic production) at the boundaries of 
the West African and Australian cratons and formation of volcanic 
traps coincide with plume events'*-”” that have also played an import- 
ant role in continental crustal accretion’* and in key geodynamic and 
environmental processes; and Siberian Traps magmatism is behind the 
greenhouse-gas emissions that led to global climate catastrophe and 
mass extinction of 80% of living species at the end of the Permian”. 


The observation-based contribution of mantle flow to surface topo- 
graphy, dubbed ‘dynamic topography”, is commonly evaluated by filter- 
ing out short-wavelength components (A < 1,000 km) and by stripping 
local isostatic components of the observed topography and gravity and 
geoid fields’. The remaining long-wavelength (A > 1,000 km) undula- 
tions with amplitudes of the order of several hundred metres are regarded 
as an imprint of mantle flow. Such undulations are however difficult to 
separate from contributions due to heterogeneities in lithospheric struc- 
ture, surface erosion and, in some cases, tectonic processes. Mantle flow is 
only hinted at by other observations such as gravity, seismic tomography, 
seismic anisotropy patterns (SKS orientations) or tectonic strain orienta- 
tions’*"°?*, For instance, seismic tomography, which has been used to 
characterize mantle flow, does not always reveal features such as rising 
mantle plumes and sinking lithospheric slabs'’. As a consequence, at- 
tempts to link mantle flow with surface dynamics often yield ambiguous 
results*°. These complications have triggered debates on the existence of 
mantle plumes’’”*”’, partitioning between mantle and tectonically dri- 
ven processes®””'!?-! and other questions such as the significance of dy- 
namic topography””®. These disputes are fuelled, in particular, by the fact 
that axisymmetric dome uplifts expected above mantle upwellings’® are 
not unambiguously distinguished in the areas showing other (for example, 
tomographic, thermal, geochemical) evidence for mantle upwellings”: 
such areas include major recognized hotspots such as the African Sup- 
erplume’”’, Hawaii**”*, and the ‘Afar Triangle’-Red Sea zone**”’. 

Surface impact of mantle-lithosphere interactions is usually predicted 
from three-dimensional (3D) numerical models of mantle dynamics”*””. 
However, the existing models*””” are designed to reproduce mantle flow 
and not surface deformation, as they: (1) do not compute surface topo- 
graphy (estimated post hoc from isostatic assumptions, Fig. 1a); (2) imply 
single-layer viscous stagnant lithosphere; and (3) have low spatial reso- 
lution, insufficient to resolve small-scale deformation and rheological 
stratification”. 

High-resolution two-dimensional (2D) models of rheologi- 
cally stratified lithosphere that are free of these limitations predict short- 
wavelength topography marked by closely spaced fault patterns and 
multi-harmonic tectonic-scale features with 2 ~ 30-100, 150-350 and 
400-500 km. The reason for this is that thick rheologically stratified lith- 
osphere acts to dampen and modulate the mantle flow ‘signal’ (Fig. 1). 
This is because the lower continental crust typically represents a low- 
viscosity 10-20-km-thick ductile channel*"* that mechanically separates 
crust from mantle and absorbs undulations of crust-mantle interface 
(Moho) induced by mantle flow (Fig. 1). As a consequence, mantle flow 
stresses acting at the LAB are attenuated or re-focused, resulting in short- 
wavelength tensional/compressional instabilities in competent rheolo- 
gical layers constituting lithosphere. The actual wavelengths are controlled 
by the thicknesses of these layers and do not depend on the wavelength 
of mantle upwellings”’. 

The 2D models provide little information, however, on 3D features 
of Earth’s surface topography. This is despite the fact that axisymmetric 
mantle upwellings or downwellings would be expected to produce axisym- 
metric radial topography and gravity, which are therefore searched-for in 
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Figure 1 | Mantle-lithosphere interactions and topography. Evaluation of 
deformation of the Earth’s surface caused by mantle flow (dynamic 
topography’) is commonly not straightforward and is based on additional 
assumptions; here we show surface topography (top row) and corresponding 
conceptual models (bottom row). In the conventional’*” view (a), mantle 
upwellings can produce only long-wavelength (/ > 1,000 km) axisymmetric 
domes at the surface; in the corresponding models, the lithosphere commonly 
represents a passive flat-top viscous stagnant lid**"° and the topography is 
computed from mantle flow patterns assuming local isostasy’. Our approach 
(b, c) considers instead free-surface response of rheologically stratified 


spectral studies attempting to identify dynamic topography~”* (Fig. 1). 
Yet, in the presence of a directional far stress/strain field, mantle flow 
may trigger development of non-axisymmetric features that are con- 
trolled by far-field stress/strain orientation and strain-localizing prop- 
erties of the pre-existing lithosphere* (Methods, Fig. 1). 

These considerations suggest a need for a novel, tectonically realis- 
tic 3D modelling approach that encompasses large horizontal scales 
(1,000 km X 1,000 kin), the entire 650-km-deep upper mantle, and offers 
‘lithospheric-grade’ numerical resolution (~2 X 2 X 2 km) in order to 
handle rheological stratification and localized deformation”. This im- 
plies unprecedented numerical efforts, huge mesh dimensions com- 
prising several hundred million elements (~500°), and billions of moving 
rock markers, compared to the previous models that could handle only 
10 times smaller arrays. To meet this challenge, we have designed an ultra- 
high-resolution model based on an optimized staggered grid/particle-in 
cell method’ (Methods). Several sets of 3D experiments exploring dif- 
ferent geodynamic settings have been performed, totalling 10° hours 
(~114 years) of nodal processing time on the supercomputers of ETH 
and UPMC. 

To reduce the tested parameter range, we conducted a series of fast 2D 
high-resolution parametric experiments®'*” (Methods, Extended Data 
Figs 1-4). The retained reference model considers a 200-km-wide plume 
impinging on the base of a 150-km-thick, 250-Myr-old lithosphere”. 
We then conducted a set of 3D experiments for different far-field tec- 
tonic boundary conditions: (1) no far-field forces; (2) unidirectional pure 
shear extensional forcing; (3) bi-directional pure shear forcing; and 
(4) combined pure and simple shear forcing. The lateral boundary condi- 
tions correspond to ultra-slow velocities applied at model sides (3 mm yr‘, 
typical for pre-breakup continental rifts affected by mantle upwellings, 
suchas the Rio Grande and East African rifts"), so that the associated intra- 
plate stresses are very low—insufficient on their own to produce significant 
large-scale deformation (for example, passive rifting) during the time of 
plume impingement. 

Figure 2 illustrates two end-member scenarios: ultra-slow stretching 
of a continental lithosphere in the absence of active mantle upwelling; 
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brittle-ductile lithosphere that may exhibit several short-wavelength 
harmonics*”, whereas long-wavelength deformation is dampened in the ductile 
lower crust (LC). The actual surface wavelengths /; (for example, 1, ~ 30-50, 
Az ~ 100-150, A3 250-350 km) are controlled by thicknesses of strong upper 
crustal (UC), lower crustal (LC) and mantle-lithosphere (ML) layers®. The initial 
topography (b) may become strongly asymmetric after some short time fp in the 
case of even very weak far-field tectonic stresses that trigger anisotropic strain 
localizations (c). In the bottom row, red arrows and white arrows indicate 
direction of surface and subsurface movements. Black lines indicate faults, and 
white half-arrows indicate direction of movements on the fault interfaces. 


and active mantle plume upwelling impinging on a stress-free litho- 
sphere. In the first case (Fig. 2a), ultra-slow tectonic stretching pro- 
duces patterns of distributed small-offset parallel faults, in which the 
fault spacing (30-50 km) is controlled by the thickness of the upper- 
crustal brittle layer. These faults are distributed over 1,000-km scales, 
without focusing in any particular zone. In the second scenario (Fig. 2b), 
surface deformation is radially axisymmetric, with periodic multi- 
harmonic short-wavelength radial undulations (A ~ 30-250 km, Fig. 2b, 
Extended Data Fig. 5). This result is consistent with rheologically realistic 
2D models*'>”? (Extended Data Figs 1-4), and (expectedly) disagrees with 
conventional 3D models”® (A > 1,000 km). We note radial undulations at 
the bottom (LAB) of the lithosphere, with 2~200-250km, and 
shorter-wavelength (A ~ 30-100 km) surface and crustal deformation 
(Fig. 2, Extended Data Fig. 5). Vertical motions in the crust and litho- 
sphere that overlie the plume change with time. The surface shows a 
sequence of events as follows: (1) a short (<0.25 Myr) dynamic uplift; 
(2) a large subsidence, which is first caused by mechanical erosion (thin- 
ning) of the LAB by mantle flow above the upwelling plume, and then 
amplified by gravitational down-warping of the LAB caused by fast 
Rayleigh-Taylor instability in cold dense mantle lithosphere”; (3) a sur- 
face uplift (at ~0.5-1.0 Myr) resulting from buoyancy and the dynamic 
push of the plume; and (4) a subsidence in the middle of the uplifted zone 
due to continuing interplay between plume and lithosphere mantle. The 
uplift/subsidence events alternate over several Myr as plume ponds at 
the LAB. Small initial radial crustal cracks (not distinguishable in Fig. 2b) 
vanish after ~0.25 Myr. 

The predictions from the above ‘end-member’ cases depart strongly 
from those observed in our next experiment, which considers the mixed 
scenario of ‘active/passive rifting’, in which the lithosphere is submitted 
to ultra-slow far-field extension and simultaneously impinged upon by 
an upwelling mantle plume (Figs 3, 4, Extended Data Fig. 6). The initial 
radial uplift patterns disappear within the first 0.5 Myr, and a series of 
linear localized sub-parallel normal faults form in the direction normal 
to the direction of extension. When the plume impacts the base of the 
lithosphere, the lithosphere begins to thin in a single direction that is 
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determined by the far-field stress field and brittle localization in the 
lithosphere. The large-offset faults become increasingly important above 
the plume head, while almost no faulting occurs at distance larger than 
200 km from the centre of rifting. Faults soon merge into a localized, 
linear rift, which opens at a significantly faster (5 to 10 times) rate than 
that of the ultra-slow passive extension applied at the borders (a 80-km- 
wide rift forms in less than 2.5 Myr while the amount of extension 
applied at the borders is only 7.5 km), showing that in this case the major 
driving force of rifting is active mantle upwelling. As predicted’, rifting 
creates a rift-parallel conduit for the flow of the plume material away from 
the region underlain by the starting plume head, further enhancing loca- 
lized thinning of the lithosphere. The large-scale deformation becomes 
‘cylindrical’, that is, two-dimensional, resembling a ‘typical’ continental 
rift (Extended Data Figs 5b, 6). The evolution of topography is summar- 
ized in Fig. 4: the initial surface response (<1.5 Myr) is axisymmetric, as 
in the case of Fig. 2b, with large-scale subsidence evolving into a large- 
scale 1-km-high dome that narrows (300 km) and becomes more elevated 
with time (>1.5 km). During the following few Myr, small-scale faulting is 
superimposed on a long-wavelength topography, which vanishes after 
5-6 Myr. Further surface topography evolution is dominated by loca- 
lized tectonic-scale rift structures. It is noteworthy that pre-rift doming 
is largely reduced. 

In the next series of 3D experiments (Extended Data Fig. 7, 8), far-field 
velocities were applied at four sides of the model to produce a combination 
of simple and pure shear. The plume-lithosphere interaction then trig- 
gers formation of a sub-diagonal large-scale normal-and-strike-slip fault 
segmented by oblique Riedel shears. The fault has small lateral displace- 
ment (<10% ofits length) and nucleates by the simultaneous coalescence 
of small-scale shears along the entire length of the rift. Interestingly, the 
surface topography resembles an early stage of a segmented spreading 
centre with a strong strike-slip component (for example, the Dead Sea 
rift and the Gulf of Aden). The same experiment implemented without 
mantle upwelling (Extended Data Fig. 7) shows only a series of distrib- 
uted small-scale conjugated fault patterns. 

We conclude from our modelling that localization of large-scale linear 
normal and strike-slip faults can be triggered and maintained by mantle 
flow that impacts the base of a pre-stressed lithosphere, so that the final 
state of the rifted lithosphere is an indicator of the far-field stress at the 
time the plume arrived. This suggests an efficient mechanism for con- 
tinental rift initiation and breakup that involves passive and active rifting 
processes that interact with each other’, resulting in the development of 
large continental rifts (for example, the Afar, Gulf of Aden, Dead Sea, 
Baikal and East African rifts*®’’) and plate-scale strike-slip faults (for 
example, the Karakoum and North Anatolian faults’’). 
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Figure 2 | Initial stages of end-member 3D 
numerical experiments. Top row, surface 
topography resulting from end-member cases of 
plume-lithosphere interactions (bottom row). 
Shown also in the bottom row are corresponding 
surface strain rate fields and the material phase 
field. a, No plume, and ultra-slow unidirectional 
tectonic extension (at a rate V, = 3 mm yr’) 
applied to a 250-Myr-old continental lithosphere. 
Note distributed closely spaced sub-parallel small- 
offset fault patterns spaced at 1 ~ 30-40 km. b, A 
200-km plume initialized at 650-km depth 
impinges on the bottom of non-prestressed 
lithosphere. Note axisymmetric surface 
undulations with wavelengths (A) of <250km 
(150-250 km). Surface strain rate fields, or 
distributions, characterize the rates of surface 
deformation and topography evolution, ranging 
from fast (>107'*s~') to slow (<107'°s~'). ML, 
y mantle lithosphere; UC, upper crust; LC, lower 

x crust; M, sub-lithosphere mantle. See also 
Extended Data Figs 1,5, 7. The topography in a has 
a 2.5 vertical exaggeration compared to b. 
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There is also a significant difference in the impact of the rheological 
profile on rifting style in the case of dominant active rifting compared 
to dominant passive rifting. Narrow rifting, conventionally attributed 
to cold strong lithosphere in passive rifting mode“, may develop in 
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Figure 3 | Surface fault patterns and strain distributions in the case of 
plume-lithosphere interaction in the presence of a weak tectonic far-field 
stress field (V, = 3 mm yr’). The bottom panel shows the surface strain rate 
field (distribution) and the material phase field at time t = 1 Myr. The top row 
shows the time evolution of the surface strain rate field (white to red colour, fast 
surface topography movements) at several key stages (t = 0.6 Myr, 1.2 Myr, 
12 Myr) of plume-lithosphere interaction. See also Fig. 4 and Extended Data 
Fig. 6. Note progressive focusing and amplification of surface deformation 
(linear faults) above the plume, resulting in rapid localization of non- 
axisymmetric, uni-directional deformation (rifting) at the surface. Rifting 
results in the alignment of the plume with the rift axis, causing rift-parallel flow 
of plume material away from the region underlain by the starting plume head, 
which further accelerates localized thinning of the lithosphere and the 
lithosphere break-up process. The lithosphere deformation soon becomes 
‘cylindrical’, almost two-dimensional, resembling a ‘typical’ continental rift. 
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weak hot ultra-stretched lithosphere during active rifting, after plume 
impingement on a tectonically pre-stressed lithosphere. In that case, 
initially ultra-wide small-amplitude rift patterns focus, in few Myr, into 
large-scale faults that form a narrow rift. Also, wide rifting may develop 
during ultra-slow spreading of strong lithosphere, and ‘switch’ to nar- 
row rifting upon plume impingement. 

Interplay between mantle-lithosphere interactions, rheological struc- 
ture and intraplate stresses can result in two main topographic evolution 
scenarios: (1) in the general case of rheologically stratified lithosphere 
(with thermo-tectonic ages of 50-500 Myr; ref. 13), the topography 
exhibits short wavelengths (/ ~ 50, 100, 350 km) that are much smaller 
than those of mantle flow (2 > 1,000 km). In the presence of even a weak 
pre-existing far-field forcing, the topography is strongly asymmetric 
and is shaped by faults and rifts. (2) In the case of young and weak (age 
<50 Myr) or oldand strong plates (>700 Myr ago, shields), the dynamic 
topography has ‘classical’ features, that is, it correlates with large-scale 
mantle flow. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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RIPK1 maintains epithelial homeostasis by inhibiting 


apoptosis and necroptosis 
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Necroptosis has emerged as an important pathway of programmed 
cell death in embryonic development, tissue homeostasis, immunity 
and inflammation’ *. RIPK1 is implicated in inflammatory and cell 
death signalling” and its kinase activity is believed to drive RIPK3- 
mediated necroptosis'*’*. Here we show that kinase-independent scaf- 
folding RIPK1 functions regulate homeostasis and prevent inflam- 
mation in barrier tissues by inhibiting epithelial cell apoptosis and 
necroptosis. Intestinal epithelial cell (IEC)-specific RIPK1 knockout 
caused IEC apoptosis, villus atrophy, loss of goblet and Paneth cells and 
premature death in mice. This pathology developed independently of 
the microbiota and of MyD88 signalling but was partly rescued by 
TNERI (also known as TNFRSF14A) deficiency. Epithelial FADD abla- 
tion inhibited IEC apoptosis and prevented the premature death of 
mice with IEC-specific RIPK1 knockout. However, mice lacking both 
RIPK1 and FADD in IECs displayed RIPK3-dependent IEC necrop- 
tosis, Paneth cell loss and focal erosive inflammatory lesions in the 
colon. Moreover, a RIPK1 kinase inactive knock-in delayed but did 
not prevent inflammation caused by FADD deficiency in IECs or 
keratinocytes, showing that RIPK3-dependent necroptosis of FADD- 
deficient epithelial cells only partly requires RIPK1 kinase activity. 
Epidermis-specific RIPK1 knockout triggered keratinocyte apoptosis 
and necroptosis and caused severe skin inflammation that was pre- 
vented by RIPK3 but not FADD deficiency. These findings revealed 
that RIPK1 inhibits RIPK3-mediated necroptosis in keratinocytes in 
vivo and identified necroptosis as a more potent trigger of inflam- 
mation compared with apoptosis. Therefore, RIPK1 is a master regu- 
lator of epithelial cell survival, homeostasis and inflammation in the 
intestine and the skin. 

Mice lacking RIPK1 die perinatally, exhibiting apoptosis in multiple 
tissues including the intestine’ (Extended Data Fig. 1a). We generated 
mice with IEC-specific knockout of RIPK1 (RIPKIECK°) (Fig. la and 
Extended Data Fig. 1b-d) and found that they showed reduced body 
weight and died within the first 4 weeks of life (Fig. 1b, c). Intestinal 
sections from 3-week-old RIPK1™©*° mice revealed pronounced villus 
atrophy and Paneth cell loss in the ileum, as well as reduced numbers 
of goblet cells and differentiated enterocytes, crypt elongation and IEC 
hyperproliferation in both the ileum and colon (Fig. 1d and Extended 
Data Fig. le, f). RIPK1'*“*° intestines contained highly increased num- 
bers of cleaved caspase-3-positive (CC3*) apoptotic IECs, but did not 
show signs of epithelial erosion, suggesting that the epithelial barrier 
remained largely intact (Fig. 1d and Extended Data Fig. le, f). Mes- 
senger RNA levels of Tnf, I11b, Ccl5 and Cxcl1 and leukocyte numbers 
were moderately increased in the ileum and colon of RIPK1™“*° mice 
(Fig. le, f and Extended Data Fig. 2), indicating the presence of a mild 
inflammatory response. Newborn RIPK1'*~*° mice showed only a few 
apoptotic IECs, while 7-day-old mice showed increased numbers of 
apoptotic IECs, loss of goblet cells, elongated hyperproliferative crypts 


and increased immune cell infiltration concomitant with moderately 
increased expression of tumour necrosis factor (TNF) and interleukin 
(IL)-1 (Extended Data Fig. 3). Tamoxifen-inducible ablation of RIPK1 
in IECs of adult mice (RIPK1@™®©¥°) caused rapid weight loss and 
death of the animals (Extended Data Fig. 4a-d) due to extensive IEC 
apoptosis resulting in severe intestinal pathology (Extended Data Fig. 
4e-i). Collectively, these results revealed that epithelial-cell-intrinsic 
RIPK1 is essential for IEC survival and the maintenance of intestinal 
tissue structure and homeostasis. 

The luminal microbiota regulates intestinal homeostasis and contri- 
butes to inflammation both in human inflammatory bowel disease and 
in mouse models'*’”. Antibiotic treatment briefly delayed but did not 
prevent severe intestinal pathology, weight loss and death of mice with 
inducible or constitutive IEC-specific RIPK1 knockout (Extended Data 
Fig. 4c-e, j-l). Moreover, RIPK1™“*° mice raised under germ-free 
conditions developed similar intestinal pathology, although some of 
the mice survived up to the age of 5 weeks, indicating that the microbiota 
contributes to disease severity (Fig. 1g-j). In addition, MyD88 deficiency 
did not prevent intestinal pathology in RIPK1EC®° mice (Fig. 2a, b, d 
and Extended Data Fig. 5a—c). Therefore, epithelial cell death and intest- 
inal pathology in RIPK1*©*° mice develop independently of the micro- 
biota and of MyD88-dependent TLR signalling. RIPK1™°*°/Tnfr1/~ 
mice were partially protected from severe wasting, with approximately 
50% of the mice surviving to at least 3 months of age, and showed reduced 
IEC apoptosis and ameliorated intestinal pathology (Fig. 2a—e and Extended 
Data Fig, 5a-c). Thus, IEC death and intestinal pathology in RIPK1™~*° 
mice is induced mainly by TNFR1 signalling but TNFR1-independent 
pathways also contribute. 

Epithelial FADD deficiency inhibited IEC apoptosis and villus atrophy 
and prevented the severe wasting and premature death of RIPKI™©*° 
mice (Fig. 2f-h), suggesting an important pathogenic role of FADD- 
dependent apoptosis. However, RIPK1°*°/FADD"“*° intestines con- 
tained increased numbers of CC3” dying IECs and showed Paneth cell 
loss in the ileum and signs of colitis affecting primarily the distal colon 
(Fig. 2f, i, j and Extended Data Fig. 6). In contrast with RIPK1'*°*° 
mice, in which the distal colon was only mildly affected and that did not 
show epithelial erosions (0 of 18 mice analysed), histological examina- 
tion of Swiss roll sections revealed focal epithelial erosions in the distal 
colon of RIPK1@*°/FADD™**° mice (8 of 14 mice) and RIPKI™©*° 
mice with heterozygous epithelial FADD deficiency (FADD""°*°) (5 of 
6 mice) at the age of 3 weeks (Extended Data Fig. 6). Adult RIPKLECK9 
FADD" “*° mice displayed villus shortening, loss of goblet and Paneth 
cells and crypt elongation in the small intestine, as well as focal inflam- 
matory erosive lesions and crypt abscess formation in the distal colon 
in 5 of 7 mice examined (Extended Data Fig. 7a). Therefore, although 
epithelial FADD deficiency strongly reduced the number of apoptotic 
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Figure 1 | Epithelial RIPK1 ablation causes microbiota-independent 
intestinal pathology. a, Immunoblot of small intestine IECs from Ripk ¥”" 
(fl/fl) and RIPK1™°*° (IEC-KO) mice. b, c, Body weight (b) and Kaplan- 
Meier survival curve (c) of Ripke™ and RIPK1™©*° mice. d, Representative 
images of ileal sections from Ripk¥“" and RIPK1™°*° mice stained as 
indicated. H&E, haematoxylin and eosin. e, f, Quantitative polymerase chain 
reaction with reverse transcription (qRT-PCR) of cytokine and chemokine 
expression (e) and fluorescence-activated cell sorting (FACS) of lamina propria 
leukocytes (f) in the small intestine of Ripk¥”" and RIPK1™°®° mice. 

g, Representative images of H&E- or CC3-stained intestinal sections from 
germ-free Ripk#™ and RIPK1=°*° mice. h-j, Quantification of histological 
pathology score (h), crypts containing CC3" cells (i) and CC3* cells per crypt 
(j) in intestinal sections of the indicated mice. GF, germ free; SPF, specific 
pathogen free. Scale bars, 100 jm. *P = 0.05, **P = 0.01, ***P = 0.005; NS, 
not significant. 

epithelial cells and prevented wasting and premature death of RIPKIECK° 
mice, it did not normalize but rather altered their intestinal pathology, 
with RIPK1*°*°/FADD™“*° animals resembling the phenotype of 
FADDC*° mice®. 

We reasoned that RIPK3-dependent necroptosis could induce the 
death of IECs in RIPKI™°*°/FADD"©*° mice, as in FADD™°%° 
mice’. Indeed, triple-deficient RIPKIECK°?, FADD? ®°/Ripk3/~ mice 
did not show macroscopic or histological signs of intestinal pathology, 
although they displayed slightly increased mRNA levels of Tnf, Il1b, Ccl5 
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and J110 in the colon (Fig. 2f-k and Extended Data Figs 5d, e, 6, 7a, b). In 
contrast, RIPK3 deficiency alone did not prevent wasting, early lethality, 
IEC apoptosis or intestinal pathology in RIPK1™“*° mice (Fig. 2f-j and 
Extended Data Figs 5d, e, 6, 7b). Therefore, RIPK3-dependent necroptosis 
does not constitute a primary pathway inducing IEC death and intestinal 
pathology in RIPK1"“*° mice, but becomes functionally important 
when FADD ablation inhibits apoptosis and sensitizes RIPK1-deficient 
IECs to necroptosis. These results suggested that RIPK3 induces RIPK1- 
independent necroptosis in FADD-deficient IECs, which is surprising as 
RIPK1 kinase activity is considered essential for RIPK3-mediated necrop- 
tosis, at least downstream of TNFRI (refs 14, 15), which is the major driver 
of epithelial cell necroptosis in the colon of FADD™“*° mice’. To address 
specifically the role of RIPK1 kinase activity, we crossed FADD™'“*° 
mice with knock-in mice expressing kinase-inactive RIPK1 (RIPK1 
(D138N)) and found that lack of RIPK1 kinase activity did not prevent 
IEC necroptosis and intestinal inflammation in FADD™©*° mice (Fig, 21 
and Extended Data Fig. 7c, d). Therefore, RIPK1 deficiency or loss of its 
kinase activity only partly inhibited RIPK3-dependent necroptosis of 
FADD-deficient IECs, providing genetic evidence that both RIPK1- 
dependent and RIPK1-independent pathways drive RIPK3-mediated 
necroptosis and intestinal inflammation in FADD'*“*° mice. 

As shown previously”"*, RIPK1 deficiency but not loss of its kinase 
activity partially inhibited TNF-mediated NF-«B activation in mouse 
embryonic fibroblasts (MEFs) (Extended Data Fig. 8a), suggesting that 
loss of RIPK] scaffolding function might trigger epithelial cell apoptosis 
by inhibiting NF-«B. However, NF-«B inhibition in the intestinal epi- 
thelium did not phenocopy the intestinal pathology of RIPK1'*°*° 
mice’®?!, Moreover, sustained NF-«B activation in RIPK1-deficient 
epithelial cells by expression of a constitutively active Ikk2 transgene?” 
did not prevent IEC death and rather aggravated the intestinal pathology 
of RIPK1'*~*° mice, suggesting that RIPK1 deficiency does not sens- 
itize IECs to apoptosis by inhibiting NF-kB (Extended Data Fig. 8b-d). 

RIPK1-deficient IECs did not show reduced mRNA expression of pro- 
survival genes, but expressed reduced amounts of cIAP1 (also known as 
BIRC2) and TRAF2 proteins (Fig. 3a, b), suggesting that RIPK1 might 
control their stability. Indeed, consistent with previous reports’, we 
found that TNF stimulation induced rapid degradation of TRADD, 
cIAP1, TRAF2 and c-FLIP (also known as CFLAR), but not of TRAF6, in 
RIPK1-deficient but not in RIPK1(D138N) primary MEFs (Fig. 3c), sug- 
gesting that lack of the RIPK1 scaffolding function triggers degradation of 
proteins recruited to the TNFR1 signalling complex. We then sought to 
address whether RIPK1-deficient intestinal epithelial cells show similar 
responses. However, small intestinal crypts from RIPK1"“*° mice died 
shortly after isolation and failed to form organoids (data not shown). 
Nevertheless, tamoxifen-inducible RIPK1 deletion resulted in reduced 
expression of cLAP1, TRAF2 and c-FLIP proteins and caused rapid orga- 
noid death (Fig. 3d-f), suggesting that loss of pro-survival protein ex- 
pression contributes to death of RIPK1-deficient IECs. Interestingly, 
TRAF2-deficient mice develop a similar intestinal phenotype and early 
lethality that was not prevented by antibiotic treatment and was only 
partially rescued by TNFRI deficiency, suggesting that loss of TRAF2 
could contribute to the intestinal pathology of RIPK1™°*° mice”. 

SMAC (also known as DIABLO) mimetic-compound-mediated cIAP 1/2 
degradation induced activation of both non-canonical and canonical NF-kB 
and the expression of TNF and other cytokines”’”*, suggesting that loss 
of cIAP proteins could trigger the expression of TNF and other cytokines 
by RIPK1-deficient IECs that could act in an autocrine fashion to induce 
their death. Indeed, RIPK1-deficient primary IECs showed increased 
NF-«B activation and expressed elevated levels of TNF, while tamox- 
ifen-inducible deletion of RIPK1 upregulated TNF expression in orga- 
noids (Fig. 3g-j). Moreover, intestinal crypts from RIPK1*°*°/Tnfrl'~ 
mice did not die rapidly, as did crypts from RIPKLECK® mice, and 
although they did not grow as well as control organoids they could be 
maintained for a short period in culture (Fig. 3k), consistent with a role 
of autocrine TNF production in triggering the death of RIPK1-deficient 
IECs. RIPK1/TNFR1 double-deficient organoids were more sensitive to 
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Figure 2 | Death of RIPK1-deficient IECs depends on FADD and RIPK3. mice with the indicated genotypes. i, j, Quantification of crypts containing 


a, Representative images of H&E- or CC3-stained ileal sections from the 
indicated mice. b, c, Body weight (b) and Kaplan-Meier survival curve (c) of the 
indicated mice. d, e, Quantification of crypts containing CC3* cells (d) and 
CC3* cell numbers per crypt (e) in intestinal sections of the indicated mice. 
f, Representative images of ileal sections from the indicated mice. Arrow depicts 
CC3° dying IEC. g, h, Kaplan-Meier survival curve (g) and body weight (h) of 


death induced by polyinosinic:polycytidylic acid (poly(I:C)), interferon 
(IFN)-B and IFN-y (Fig. 3k), indicating that TIR-domain-containing 
adapter-inducing interferon- (TRIF)- and IFN-dependent pathways also 
contribute to the death of RIPK1-deficient IECs. However, IEC-specific 
ablation of TRIF did not considerably ameliorate intestinal pathology 
in RIPKI™“®° mice (Extended Data Fig. 8e—h), suggesting that TRIF- 
mediated signalling is not a major driver of IEC apoptosis but could 
contribute in a redundant fashion together with TNFRI1 and IEN sig- 
nalling. Together, these findings suggest that RIPK1 deficiency results in 
degradation of cIAP proteins and TRAF2, triggering NF-«B-mediated 
expression of TNF and other cytokines that act in a partly redundant 
fashion to induce the death of RIPK1-deficient IECs. The mild upre- 
gulation of Tnf in the colon of RIPKI™°*°/FADD“*°/Ripk3‘~ 
mice (Fig. 2k) is compatible with this epithelial cell death independent 
mechanism inducing Tnf expression, which also provides a microbiota- 
independent trigger of IEC death in RIPKI™“*° mice. 

To investigate the function of RIPK1 in the epidermis, we generated mice 
with keratinocyte-specific RIPK1 deficiency (RIPK1®*° mice) (Extended 
Data Fig. 9a). RIPK1*“° mice progressively developed severe inflam- 
matory skin lesions starting at around 1 week of age, characterized by 
epidermal thickening, increased keratin 14 (K14; also known as KRT14) 
and reduced K10 expression and upregulation of K6 in the interfollicular 
epidermis, as well as infiltration of Gr-1-positive cells and increased inflam- 
matory cytokine and chemokine expression (Fig. 4a—c and Extended Data 
Fig. 9a, b). Histological analysis revealed the presence of CC3* but also 
CC3~ dying keratinocytes, identified by their pyknotic nuclei and eosi- 
nophilic cytoplasm in the epidermis of RIPK1’*° mice (Fig. 4d and 
Extended Data Fig. 9d). To address the role of FADD-mediated apop- 
tosis, we generated FADD” “°/RIPK1* “° mice and found that they did 
not show early postnatal skin inflammation and death, as did FADD* 6° 
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CC3* cells (i) and CC3* cell numbers per crypt (j) in intestinal sections of the 
indicated mice. k, (RT-PCR analysis of cytokine and chemokine expression in 
the small intestine of the indicated mice. 1, Representative images of intestinal 
sections from 4-month-old mice with the indicated genotypes. Scale bars, 
100 pum. *P = 0.05, **P = 0.01, ***P = 0.005; NS, not significant. 


mice’, but developed severe inflammatory skin lesions later, similarly to 
RIPK1**° mice (Fig. 4a-c and Extended Data Fig. 9c, d). Importantly, 
FADD® *°/Ripk1??8/8N mice showed a similar skin phenotype to 
FADD®*°/RIPK1®° mice (Fig. 4a, b). Therefore, lack of RIPK1 or its 
kinase activity delayed but could not prevent keratinocyte necroptosis 
and inflammation caused by FADD deficiency. Additional deficiency in 
RIPK3 fully prevented skin inflammation in RIPK1**°/FADD® “9 
Ripk3‘~ mice (Fig. 4a-c and Extended Data Fig. 9e, g), showing that 
RIPK1-independent RIPK3-dependent keratinocyte necroptosis drives 
skin inflammation. 

Surprisingly, RIPK1" “°/Ripk3-‘~ mice did not develop skin inflam- 
mation and their epidermis contained strongly reduced numbers of CC3 — 
but similar numbers of CC3* keratinocytes compared with RIPK1**° 
mice (Fig. 4a-d and Extended Data Fig. 9d, e, g), showing that RIPK3- 
mediated necroptosis of RIPK1-deficient keratinocytes causes the inflam- 
matory skin lesions. CRISPR/Cas9-mediated knockout of MLKL also 
prevented skin inflammation in RIPK1"*° mice, further supporting 
an essential role of RIPK3/MLKL-dependent necroptosis in this model 
(Extended Data Fig. 10). Therefore, at least in the context of keratino- 
cyte-specific RIPK1 deficiency, necroptosis of keratinocytes triggers skin 
inflammation but apoptosis does not, highlighting the different immune 
regulatory properties of these programmed cell death pathways in a disease- 
relevant in vivo experimental setting. Considering that RipkI?78™/?178N 
mice did not develop skin lesions (Fig. 4a), these results show that RIPK1 
acts through a kinase-independent scaffolding function to restrain RIPK3- 
mediated necroptosis in keratinocytes and prevent skin inflammation. 

RIPK1* “°/Tnfrl_‘~ mice showed largely normal skin until postnatal 
day (P)28, but developed patchy inflammatory skin lesions by the age of 
7-8 weeks (Fig. 4a—d and Extended Data Fig. 9d, e, g). Therefore, TNFR1 
critically contributes but is not the only trigger of keratinocyte necroptosis 
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Figure 3 | RIPK1 prevents the degradation of pro-survival proteins. 

a, b, RT-PCR of pro-survival genes (a) and immunoblot of the indicated 
proteins (b) in small intestine IECs from Ripki “f (fl/fl) and RIPKI®CK° 
(IEC-KO) mice. c, Immunoblot of wild-type (WT), RipkI-/~ (KO) and 
Ripk1?198N’?8N (D138N) MEFs stimulated with 10ngml | recombinant 
murine TNE. d, Immunoblot of small intestine organoids from Ripk¥" (fl/fl) 
and RIPK1*""="*° (jKO) mice treated with 4-hydroxytamoxifen (4-OHT) for 
24 or 48h. e, Ripk!" and RIPK1"™""=°*° organoids were treated with vehicle 
(ethanol; EtOH) or 4-OHT for 20h and photographed 48 h later. Original 
magnification, X 400. f, FACS quantification of propidium iodide (PI)~ cells in 
organoids 43 h after treatment with 4-OHT in the presence or absence of 
z-VAD-FMK. g, Immunoblot of cytoplasmic (C) and nuclear (N) proteins 
from small intestine IECs of four Ripki" and four RIPK1*“*° mice with the 
indicated antibodies. h, i, RT-PCR of Tnf and Il1b expression in IECs 

from small intestine (h) or colon (i) of Ripke™! and RIPK1™=©*° mice. j, GRT- 
PCR of Tnf expression in small intestine organoids from Ripki™ and 
RIPK1C*° mice 30 h after treatment with EtOH or 4-OHT.k, Representative 
images of RipkE“"/Tnfrl-/~ and RIPK1®°*°/Tnfrl/~ organoids 16h after 
treatment with 100 1g ml’ poly(I:C), 1,000 U ml’ IFN-f and 1,000 U ml 
IFN-y. Original magnification, x 400. Ctrl, control. Representative data are 
shown of four (e, f, k), three (c) or two (d, j) independent experiments. 

*P = 0.05, **P = 0.01, ***P = 0.005; NS, not significant. 


and inflammation in RIPK1®*° 


lation also mildly ameliorated skin lesion development in RIPK1 
mice (Fig. 4a, b and Extended Data Fig. 9e). Collectively, these results 
showed that TNFR1- and TRIF-mediated signalling contribute to RIPK3- 
dependent keratinocyte necroptosis and skin inflammation in RIPK1**° 
mice. 

cIAP1 was expressed at very low levels at steady state and was unde- 
tectable after TNF stimulation in RIPK1-deficient primary keratinocytes 
(Fig. 4e), similar to our findings in IECs. Moreover, RIPK1-deficient 
primary keratinocytes were highly sensitive to TNF-induced death that 
was inhibited by the caspase inhibitor z- VAD-FMK, demonstrating that 
in vitro these cells died primarily by apoptosis and were resistant to 
necroptosis even though they expressed RIPK3 (Fig. 4f, g). This result 
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Figure 4 | RIPK1 ablation causes keratinocyte necroptosis and skin 
inflammation. a, Representative images of skin sections from the indicated 
mice stained with H&E or the indicated antibodies. Nuclei stained with 4’,6- 
diamidino-2-phenylindole (DAPI). Scale bars, 100 um (H&E); 50 pm 
(immunostainings). b, Microscopic quantification of epidermal thickness and 
inflamed skin area in the indicated mice. Error bars represent mean 

values + standard error of the mean (s.e.m.). c, GRT-PCR of cytokine and 
chemokine expression in total skin from the indicated mice. d, Quantification 
of CC3* and CC3~ dying cells per high power field (hpf) in skin sections from 
the indicated mice. e, Immunoblot of primary keratinocytes stimulated with 
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20ng ml ' recombinant murine TNF for the indicated time points. 

f, Quantification of cell viability in primary keratinocytes treated with 

50 ng ml‘ recombinant murine TNF in the presence or absence of z-VAD- 
FMK (zVAD; 20 pM) and necrostatin-1 (Nec; 30 1M). Mean values + s.e.m. 
from biological triplicates (n = 3) are shown. g, Immunoblot of protein extracts 
from P4 epidermis, IECs or keratinocytes from mice of the indicated genotypes. 
h, Schematic model of the kinase-dependent (KD) and -independent (KI) 
functions of RIPK1 in apoptosis and necroptosis. Representative data of three 
independent experiments are shown in e, f. *P = 0.05, **P = 0.01, 

***P = 0.005; NS, not significant. 
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is surprising considering that RIPK1 deficiency in vivo triggers skin 
inflammation by sensitizing keratinocytes to RIPK3-dependent necrop- 
tosis, and suggests that mechanisms related to keratinocyte differenti- 
ation and the in vivo tissue context could determine the sensitivity of 
keratinocytes to apoptosis and necroptosis. 

Collectively, our results revealed a novel kinase-independent scaffold- 
ing function of RIPK1 as an inhibitor of epithelial cell apoptosis and 
necroptosis in vivo that is essential for the maintenance of physiological 
tissue homeostasis in the intestine and the skin. The mechanisms deter- 
mining whether RIPK1 deficiency sensitizes epithelial cells to apoptosis 
or necroptosis remain unclear and do not seem to depend on differential 
expression of RIPK3 (Fig. 4g). Our experiments also showed that ne- 
croptosis of FADD-deficient IECs and keratinocytes only partly depends 
on RIPKI1 kinase activity, demonstrating that both RIPK1-dependent 
and -independent pathways drive RIPK3-mediated necroptosis. There- 
fore, RIPK1 is a central regulator of cell death that has the capacity to 
either inhibit or induce apoptosis and necroptosis (Fig. 4h). Considering 
its key role as a molecular hub integrating and decoding multiple ubi- 
quitination (K63, K48, linear) signals to determine cellular responses to 
stimuli that are derived (for example, lipopolysaccharide, double-stranded 
RNA) or induced (for example, TNF, IFNs) by microbes and are capable 
of triggering both inflammation and cell death, RIPK1 emerges as a key 
regulator of immunity and homeostasis in barrier tissues. 

Note added in proof. An accompanying paper (Takahashi, N. et al., 
Nature http://dx.doi.org/10.1038/nature13706) reports similar results 
on the role of RIPK1 in preventing IEC apoptosis, with some differ- 
ences on the effect of antibiotic treatment and MYD88 deficiency on 


the intestinal pathology of RIPK1'™*“*° mice. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Receptor interacting protein kinase 1 (RIPK1) has an essential role 
in the signalling triggered by death receptors and pattern recogni- 
tion receptors’”. RIPK1 is believed to function as a node driving 
NF-«B-mediated cell survival and inflammation as well as caspase- 
8 (CASP8)-dependent apoptotic or RIPK3/MLKL-dependent necrop- 
totic cell death. The physiological relevance of this dual function 
has remained elusive because of the perinatal death of RIPK1 full 
knockout mice’. To circumvent this problem, we generated RIPK1 
conditional knockout mice, and show that mice lacking RIPK1 in 
intestinal epithelial cells (IECs) spontaneously develop severe intes- 
tinal inflammation associated with IEC apoptosis leading to early 
death. This early lethality was rescued by antibiotic treatment, MYD88 
deficiency or tumour-necrosis factor (TNF) receptor 1 deficiency, 
demonstrating the importance of commensal bacteria and TNF in 
the IEC Ripk1 knockout phenotype. CASP8 deficiency, but not RIPK3 
deficiency, rescued the inflammatory phenotype completely, indica- 
ting the indispensable role of RIPK1 in suppressing CASP8-dependent 
apoptosis but not RIPK3-dependent necroptosis in the intestine. 
RIPK1 kinase-dead knock-in mice did not exhibit any sign of inflam- 
mation, suggesting that RIPK1-mediated protection resides in its 
kinase-independent platform function. Depletion of RIPK1 in intes- 
tinal organoid cultures sensitized them to TNF-induced apoptosis, 
confirming the in vivo observations. Unexpectedly, TNF-mediated 
NF-«B activation remained intact in these organoids. Our results 
demonstrate that RIPK1 is essential for survival of IECs, ensuring 
epithelial homeostasis by protecting the epithelium from CASP8- 
mediated IEC apoptosis independently of its kinase activity and 
NE-«B activation. 

RIPK1 is a serine/threonine kinase that is an upstream regulator of 
the cellular responses initiated by members of the death receptor families, 
such as TNF receptor (TNFR), and pattern recognition receptor super- 
families'*. Downstream of TNFR] (also known as TNFRSF1A), RIPK1 
regulates two opposed cellular fates: cell survival via NF-«B-mediated gene 
induction, and cell death by induction of apoptosis or necroptosis. The 
kinase activity of RIPK1 is dispensable for its pro-survival function but 
essential for its killing potential**. When CASP8 is absent or inhibited, 
RIPK1 triggers TNF-mediated necroptosis through a phosphorylation- 
driven cascade involving RIPK3 asa partner® * and MLKL as the down- 
stream cell death executor”'®. When inhibitor of apoptosis (IAP), 
transforming-growth-factor-B-activated kinase 1 or NF-KB essential 
modulator are inhibited, RIPK1 mediates CASP8-dependent apoptosis’. 
The mechanisms by which RIPK1 switches from a pro-survival to a pro- 
death molecule are poorly understood but probably depend on its ubi- 
quitination state'*"'*, The in vivo role of RIPK1 has been difficult to 
assess due to the perinatal mortality of full knockout mice’. Therefore, 
we generated a RIPK1 conditional knockout mouse line (Ripki™) 
by loxP technology (Extended Data Fig. la-c). Ripk1~‘~ progeny of 


Ripk “fl mice crossed with Cre-deleter mice died soon after birth, as 
reported’. Ripk1 depletion was confirmed in primary mouse embry- 
onic fibroblasts (MEFs) (Extended Data Fig. 1d). Upon TNF stimulation, 
Ripk1~'~ MEFs showed defective activation of mitogen-activated pro- 
tein kinases (MAPKs) and canonical NF-KB associated with apoptosis 
(Extended Data Fig. 2a, b). 

Defects in the NF-«B pathway resulting from deletion of NF-«B 
essential modulator or transforming-growth-factor-B-activated kinase 
1 in IECs cause massive apoptosis and gut inflammation resembling 
inflammatory bowel disease'”'*. However, RIPK3-dependent necrop- 
tosis was recently demonstrated to drive inflammatory-bowel-disease- 
like gut inflammation in mice with CASP$8 or Fas-associated protein with 
death domain (FADD) deletion in IECs, identifying CASP8 and FADD 
as physiological suppressors of necroptosis'®”°. Since RIPK1 hasa role 
in both NF-«B activation and RIPK3-dependent cell death, we inves- 
tigated the consequences of its deletion in IECs by crossing Ripk!™" mice 
with villin-Cre transgenic mice to give an IEC-specific Ripk1 knock- 
out (Ripk1'*~*°). The progeny were born at a normal Mendelian ratio, 
but their growth was severely retarded and about 70% of them died 
within 4 weeks (Fig. la, b and Extended Data Fig. 3a). DNA and protein 
analysis of various organs from the Ripk1'*~*° mice confirmed specific 
Ripk1 deletion in the colon and small intestine (Extended Data Fig. 3b, c). 
The colon of Ripk1'*“*° mice displays progressive inflammation char- 
acterized by the presence of inflammatory infiltrates, aberrant crypts, 
and loss of goblet cells and tissue architecture (Fig. 1c and Extended 
Data Fig. 3d) accompanied by apoptosis, as shown by terminal deoxy- 
nucleotidyl transferase dUTP nick end labelling (TUNEL) and CASP3 
activation (Fig. 1c and Extended Data Fig. 3e). When Ripk1 was deleted 
in adult Ripk™ villin-cre-ERT2 transgenic mice (an inducible IEC knock- 
out, Ripk1'*"*°) by using 4-hydroxytamoxifen (4-OHT), massive 
intestinal cell death occurred and all the mice died. Thus, the pheno- 
type of Ripk1'*~*° mice is not neonate specific (Fig. 1d, e). Surviving 
Ripk1'’—*° mice showed splenomegaly and colon shortening (Extended 
Data Fig. 4a), and colonoscopic analysis revealed lesions associated with 
inflammatory dysplasia (Fig. 1f), consistent with the histopathological 
findings (Extended Data Fig. 4b). The inflammation in the small intest- 
ine was also associated with a loss of tissue architecture and of mucus- 
producing goblet cells and antimicrobial peptide (AMP)-producing 
Paneth cells (Fig. 1g), resulting in physical barrier dysfunction and in- 
testinal leakage, as shown by increased fluorescence in the serum of 
Ripk1'*~*° mice fed with FITC-labelled dextran (Fig. 1h). Accordingly, 
expression of the AMPs lysozyme P and cryptidin 1 was decreased, where- 
as TNF production was increased (Fig. li). As cell death, inflammation 
and mortality were associated with bacterial colonization shortly after 
birth, we hypothesized that deletion of RIPK1 sensitized IECs to TNF 
that is produced upon sensing of commensal bacteria. This would result 
in barrier disruption, commensal infiltration and severe gut inflammation, 
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Figure 1 | Death and spontaneous gut inflammation in mice with RIPK1 
deletion in IECs. a, Cumulative survival rate of Ripk1®C%° mice (n = 34) 
compared to Ripky mice (n = 39), ***P < 0.0001. b, Macroscopic features 
and body weight of Ripk1"’~*° (3 weeks, n = 6) and sex-matched littermate 
Ripke™ mice (n = 6). *P <0.05. Data represent mean + standard error of 
the mean (s.e.m.). ¢, Haematoxylin and eosin staining (H&E; left panels) and 
TUNEL assay (red; right panels) of colon sections from Ripk!“" and 
Ripk1'™-*° mice. Black arrows, goblet cells; green arrows, infiltrating 

bees tie (scale bars, 50 um). d, Survival rates of Ripky" fl (n = 3), 

RipkE™ villin-cre-ERT2"8 (Ripk1™©®°) (n = 5) and villin-cre-ERT2'$ mice 
(n = 2) treated with 1 mg 4-OHT daily; *P < 0.05. e, TUNEL assay (red) in 
small intestine (SI) and colon (Col) of Ripk¥" Mand Ripk1 TEC-KO mice after three 
daily 4-OHT injections (scale bars, 25 jum). Representative images of Ripk¥”" 


exacerbate TNF production and lead to the death of Ripk1'?~*° mice. 


We tested our hypothesis by using a cocktail of broad-spectrum anti- 
biotics and by a genetic approach using mice deficient in MYD88—an 
essential adaptor protein in the signalling pathways activated down- 
stream of toll-like receptors (TLRs) in response to pathogen-associated 
molecular pattern sensing—or mice deficient in TNFR1. Antibiotic 
treatment starting in the mother 2 weeks before birth of the offspring 
significantly improved the viability of Ripk1'"~*° mice and reduced 
inflammation and apoptosis in the majority of mice (Fig. 2a, b and Ex- 
tended Data Fig. 5a, b). Body size, spleen size, colon length (Fig. 2c), 
number of Paneth cells (Extended Data Fig. 5b) and TNF level (Extended 
Data Fig. 5c) were normalized. The use of antibiotics also significantly 
prolonged the survival of adult Ripk1'"~*° mice following 4-OHT- 
induced Ripk1 deletion (Extended Data Fig. 5d). In agreement, MYD88 
significantly delayed the death of RipkI’*“*° mice (Fig. 2d and Extended 
Data Fig. 6a). Nevertheless, histological signs of intestinal inflamma- 
tion and apoptosis persisted in Ripk1"~*° Myd88’~ mice (Fig. 2e and 
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(n = 3) and Ripk1™©*° (n = 3) mice. f, Endoscopic images of Ripk1®@°*° and 
littermate Ripk¥“' mice. Dotted lines show irregular surface and lesions. 

g, Haematoxylin and eosin and periodic acid—Schiff/Alcian blue (PAS/AB; 
goblet cells) staining and lysozyme (Lys) (Paneth cells) immunohistochemical 
staining in the small intestine. Black arrows, goblet cells; red arrows, Paneth 
cells; green arrows, infiltrating leukocytes (scale bars, 50 tm). h, Intestinal 
permeability assay in Ripk1’™°*° (n = 3) and Ripki™ mice (n = 3) using 
FITC-labelled dextran. Data represent mean + s.e.m. *P < 0.05. i, Quantitative 
real-time PCR (qPCR) analysis of antimicrobial peptides and TNF on RNA 
extracted from small intestine mucosa of RipkyeCKO (n = 8) and control 
RipkE™ mice (n = 8). *P< 0.05, **P <0.01, ***P < 0.001. Data represent 
mean + s.e.m. LysP, lysozyme P; Cryptl, cryptidin 1. 


Extended Data Fig. 6c), indicating the involvement of additional MYD88- 
independent pathways. TNFRI1 deficiency also significantly protected 
Ripk1'’~*° mice from death (Fig. 2f and Extended Data Fig. 6b), and 
although mild inflammation remained, apoptosis was inhibited in 
Ripk1'*~*° Tnfrl ‘~ mice (Fig. 2g and Extended Data Fig. 6d). These 
observations indicate that bacterial colonization and subsequent pro- 
duction of TNF are crucial for amplification of apoptosis, contributing 
to intestinal inflammation and death. 

We then examined whether blocking cell death in IECs would rescue 
the inflammatory phenotype by generating Ripk1'"~*° Casp8"*~*° and 
Ripk1'’—*° Ripk3~‘~ double knockout mice. Ripk1'*°*° Casps'*~*° 
mice were born at a normal Mendelian ratio, grew normally until adult- 
hood and were macroscopically indistinguishable from Ripk ™ Casps™ 
control mice (Fig. 3a and Extended Data Fig. 7a, b). In contrast 
Ripk1'’~*° Ripk3 ‘~ mice are phenotypically identical to Ripk1'"°*° 
mice (Fig. 3b and Extended Data Fig. 7c, d), excluding a role for RIPK3- 
dependent necroptosis®, inflammation” or apoptosis” in the Ripk1/@~*° 
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Figure 2 | Ripk1’©*° phenotype in conditions of antibiotic treatment, 
MYD88 deficiency, or TNFR1 deficiency. a, Breeding couples were treated 
with broad-spectrum antibiotics (+ABX) 2 weeks before the birth of offspring, 
and survival rates of Ripk Mf (n = 18) and RipkrBCKO mice (n = 12) were 
compared to untreated controls (— ABX). ***P = 0.0008. b, Haematoxylin 
and eosin staining and TUNEL assay (red) and active CASP3 (C3*) 
immunohistochemistry (brown) of Ripk1"C*° and Ripki!™ mice treated as in 
a. Representative image of Ri, ke (n= 3), untreated Ripk1®CK° (n = 7) and 
antibiotic-treated Ripki®CK mice (n = 7). ¢, Body size ratio (expressed as 
percent relative to littermate), spleen weight and colon length of 6-12-week-old 
Ripk1'=C*° (n = 7) and littermate RipkE“™ mice (n = 6) with or without 
antibiotics. *P < 0.05, **P < 0.005, ***P < 0.0001. Data represent 

mean + s.e.m. d, Survival rate of Ripk1™°*° Myd88 ‘~ (n = 5) compared to 
Ripk1™C*° (n = 5), control RipkY“" (n= 5) and Ripki“" Myd88~/~ mice 

(n = 6). **P < 0.001. e, Haematoxylin and eosin staining (scale bars, 

100 um) and TUNEL assay (scale bars, 25 j1m) of colon sections from 

Ripk Myd88’ ~ and Ripk1'"°*° Myd88-’~ mice. f, Survival rate of 
Ripk1®—®° Tufrl_“— (n= 9), Ripk1'®©*° (n = 10), control Ripk!™ (n = 11) 
and RipkE™ Tnfrl~/— mice (n = 7). ***P < 0.0001. g, Haematoxylin and 
eosin staining (scale bars, 100 um) and TUNEL assay (scale bars, 25 um) of 
colon sections from Ripkl™" Tnfrl/~ and Ripk1™*°Tnfrl“~ mice. 


Wd 


phenotype. Histopathological analysis of the colons revealed complete 
protection from apoptosis and inflammation by concomitant deletion 
of Casp8 but not of Ripk3 (Fig. 3c). This demonstrates that Ripk1'*~*° 
mice develop lethal inflammation due to excessive CASP8-dependent 
apoptosis of IECs, identifying RIPK1 as an apoptosis suppressor in the 
intestine. Complete rescue by deletion of CASP8 but not by TNFR1 dele- 
tion suggests that stimuli other than TNF might account for IEC apopto- 
sis and inflammation and that other death-inducing stimuli converge at 
CASP8. However, the spontaneous ileitis caused by uncontrolled necrop- 
tosis in Casp8'*~*° mice, as reported earlier”, persisted in Ripk1'*°*° 
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Figure 3 | Lethality of Ripk1'"°*° in mice requires Casp8 but not RIPK3 
or RIPK1 kinase activity. a, Survival rate of Ripk1’*~*° Casp8"*°*° mice 
(n = 6) and control Ripky" if ;Casps" Mf mice (n = 8). b, Survival rate of 
Ripk1'®-*° Ripk3-/~ mice (n = 9) and control Ripkl“" Ripk3~/~ mice 

(n = 9). ***P <(0,0001. c, Histopathological analysis of colons of Ripk 

(n = 4), Ripk1®C®° (n = 4), Ripk1'®—*° Casps'®"*° (n = 4) and 

Ripk 1° Ripk3 /~ mice (n = 3) by haematoxylin and eosin staining and 
TUNEL assay (red; quantification in the right panel), and active CASP3 
immunohistochemistry (C3*; brown). Scale bars, 50 jum. d, Histopathological 
analysis of colon samples from 12-week-old Ripk™ (n = 3), Ripk1™—™ 

(n = 3) and RIPK1-kinase-dead knock-in mice (Ripk1*?, n = 5) by 
haematoxylin and eosin staining and TUNEL assay (red; quantification in the 
right panel), and active CASP3 immunohistochemistry (C3*; brown). 

Scale bars, 50 um. *P < 0.05. Data represent mean + s.e.m. WT, wild type; 
NS, not significant. 


Casp8'"*~*° mice, indicating that absence of RIPK1 does not protect 
Casp8'*°*° mice against necroptosis in the ileum (Extended Data 
Fig. 7e, f). 

Because RIPK1 mediates both kinase-dependent and -independent 
functions’”, we evaluated the requirement for its enzymatic activity by 
characterizing a RIPK1 kinase-dead knock-in mouse line (Ripk1X?"*)**, 
Unlike the Ripk1~/~” and Ripk1"*~*° mice, Ripk1”“! mice were viable 
and grew normally into adults**. The colon (Fig. 3d) and small intest- 
ine (Extended Data Fig. 8) of Ripk 1X’ mice showed no sign of inflam- 
mation or apoptosis. This indicates that the Ripk1'*~*° phenotype is 
caused by loss of the RIPK1 platform-mediated function, as the kinase 
activity of RIPK1 is totally dispensable for the maintenance of intest- 
inal homeostasis. 

To investigate the mechanism of apoptosis in IECs further, we estab- 
lished intestinal organoid cultures”. Because crypt cells from Ripk1'"~*° 
mice failed to grow into organoids (data not shown), we depleted RIPK1 
in organoids derived from Ripk1'*~*° mice by in vitro 4-OHT treat- 
ment. In accordance with our observations that death of IECs in 
Ripk1'’~*° mice is associated with increased Tnf mRNA levels in in- 
testinal tissue (Fig. 1i), and that absence of TNFRI rescues perinatal 
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death (Fig. 2f, g), we found that TNF treatment induced massive apo- 
ptosis in the Ripk1-depleted organoids but not in the control ones (Fig. 4a 
and Supplementary Videos 1-4), demonstrating enhanced sensitivity 
towards TNF as compared to control. In agreement, CASP8 and CASP3 
were activated only in lysates from Ripk1-depleted cultures (Fig. 4b). 
Reportedly, RIPK1 mediates TNF-dependent canonical NF-«B activa- 
tion independently of its kinase activity, and the sensitivity of the RIPK1- 
deficient MEFs to TNF-mediated apoptosis has been explained, at least 
in part, by defective induction of NF-«B-dependent pro-survival genes’ 
(Extended Data Fig. 2). Notably, the sensitization of Ripk1-depleted 
organoids to TNF-induced apoptosis was not associated with defects 
in canonical NF-«B activation. IkBa phosphorylation and degradation 
occurred with similar efficiency and kinetics in both cultures regardless 
of Ripk1 depletion (Fig. 4b). Intact NF-«B activation was further con- 
firmed by analysing the induction of NF-«B-dependent genes in the or- 
ganoid culture. Expression of these target genes did not decrease, while 
Ripk1 depletion by 4-OHT treatment exceeded 90% (Fig. 4c). Finally, 
we confirm in vitro that the sensitization of RIPK1-deficient IECs to 
apoptosis is independent of the kinase function (Fig. 3d), as organoids 
derived from Ripk1<”*' mice were not sensitized to TNF (Fig. 4d-f 
and Supplementary Video 5). RIPK1-depleted organoids eventually died 
after 4 days without exogenous stimuli, confirming an essential role of 
RIPK1 for survival of IECs (Extended Data Fig. 9a and Supplementary 
Videos 6 and 7). Whether this TNF-independent cell death or addi- 
tional death receptor ligands contribute to in vivo phenotype remains 
unknown, but administration of prototype pathogen-associated molec- 
ular patterns such as lipopolysaccharide and lipoteichoic acid do not 
directly induce cell death of intestinal organoids (Extended Data Fig. 9b, c). 

In conclusion, we demonstrate that RIPK1 has a crucial kinase- 
independent role in protecting IECs from CASP8-dependent apoptosis 
by maintaining intestinal homeostasis. Low constitutive levels of TNF 
secreted in the mucosa may be sufficient to kill IECs lacking RIPK1 and 
partially disrupt the intestinal barrier, allowing commensal bacteria to 
infiltrate and activate innate immunity. The consequent increase in TNF 
fuels a cycle of IEC apoptosis and inflammation in mice lacking homeo- 
static control by RIPK1. Notably, RIPK1 deficiency sensitizes IECs to 
TNF-mediated apoptosis independently of any defect in NF-KB activa- 
tion, whereas sensitization of RIPK1-deficient MEFs was associated with 
defective NF-«B, revealing an unexpected pro-survival role of RIPK1 
downstream of TNF in IECs. Of note, one study suggested that RIPK1 
protects MEFs from 'TNF-mediated CASP8-dependent apoptosis by pro- 
moting cFLIP stability independently of canonical NF-kB activation” 
(Extended Data Fig. 10a). We observed a modest decrease of cFLIP 
level in RIPK1-depleted IECs stimulated with TNF, but the biological 
relevance of this observation remains unclear (Extended Data Fig. 10b). 
This platform-dependent anti-apoptotic RIPK1 function might exist in 
several cell types, as RIPK1 depletion in L929 cells also sensitized them 
to TNF-induced CASP8-dependent apoptosis™. Our results support a 
novel concept that CASP8 keeps RIPK1 and RIPK3 necroptotic sig- 
nalling in check’®*”®, while RIPK1 protects cells from excessive CASP8 
activation in response to mild triggering with death receptor ligands or 
cellular stress. This means that the RIPK1-CASP8 node is the crucial 
decision point in cell death or survival and explains why cells can switch 
so easily from apoptosis to necroptosis and vice versa, when either cell 
death pathway is blocked**”’. In contrast to three recent papers report- 
ing that rescuing the lethality of RIPK1 full knockout requires simul- 
taneous block of CASP8-dependent apoptosis and RIPK3-dependent 
necroptosis** *°, we found that blocking apoptosis alone rescues intes- 
tinal inflammation. This finding indicates that the default cell death mode 
is tissue specific. Together, our results emphasize that RIPK1 is an es- 
sential survival factor in intestinal homeostasis. An accompanying paper” 
presents similar data. Notably, different approaches to rescue the phe- 
notype of Ripk1'*“*° mice by either ablating CASP8 (our study) or 
FADD (ref. 31) prevented IEC apoptosis caused by RIPK1 deficiency. 
However, necroptosis in IECs caused by deficiency of CASP8 or FADD 
cannot be prevented by loss of RIPK1, suggesting RIPK1-independent 
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Figure 4 | Ripk1™~*° intestinal organoids are sensitized to TNF-induced 


apoptosis independently of NF-«B and kinase activity. Intestinal organoids 
were derived from Ripk1 HEC-KO nice; RIPK1 deletion was induced in vitro 
by 4-OHT treatment (200 nM) for 20—24 h after which organoids were treated 
with recombinant mouse TNF (mTNF). a, Time-lapse confocal microscopic 
imaging of propidium iodide (PI)-stained organoids. Scale bars, 100 j1m. 

b, Western blot analysis of organoid cultures at different time points after 
mTNF administration. p-IkBa, phosphorylated IkBa. c, qPCR analysis of 
organoids stimulated with mTNF for 2h (n = 3 biological replicates). Data 
represent mean + s.e.m. A20, TNFa-induced protein 3. d, Intestinal organoids 
derived from Ripki™" (wild type, WT), Ripk1'®**° (iKO) and Ripk1X?™ mice 
were treated with mTNF as in a. e, Image analysis of the per cent of propidium- 
iodide-positive nuclei as in d (n = 3, biological triplicates). **P < 0.01. 

Data represent mean + s.e.m. WT, wild type; iKO, inducible knockout. 

f, Western blot analysis of organoid cultures after mINF administration as in d. 


necroptosis. Disease kinetics differ between the two studies and the pathol- 
ogy of our Ripk1'’~*° mice is milder and consequently may be better 
protected by rescue experiments using antibiotics or genetic deletions 
such as Tnfrl-’~ or Myd88’~. The reasons for these differences in 
severity of disease symptoms are not clear, but might be explained by 
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small variances in the genetic makeup of the mice strains used in 
different laboratory settings. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Tumour-derived PTH-related protein triggers 
adipose tissue browning and cancer cachexia 


Serkan Kir', James P. White’, Sandra Kleiner', Lawrence Kazak', Paul Cohen!, Vickie E. Baracos* & Bruce M. Spiegelman! 


Cachexia is a wasting disorder of adipose and skeletal muscle tissues 
that leads to profound weight loss and frailty. About half of all cancer 
patients suffer from cachexia, which impairs quality of life, limits cancer 
therapy and decreases survival. One key characteristic of cachexia is higher 
resting energy expenditure levels than in healthy individuals, which has 
been linked to greater thermogenesis by brown fat’ °. How tumours 
induce brown fat activity is unknown. Here, using a Lewis lung carcin- 
oma model of cancer cachexia, we show that tumour-derived parathy- 
roid-hormone-telated protein (PTHrP) has an important role in wasting, 
through driving the expression of genes involved in thermogenesis in 
adipose tissues. Neutralization of PTHrP in tumour-bearing mice blocked 
adipose tissue browning and the loss of muscle mass and strength. Our 
results demonstrate that PTHrP mediates energy wasting in fat tissues and 
contributes to the broader aspects of cancer cachexia. Thus, neutralization 
of PTHrP might hold promise for ameliorating cancer cachexia and 
improving patient survival. 

Cachexia is a wasting disorder that accompanies many chronic diseases 
such as cancer and congestive heart failure. The hallmarks of cachexia are 
weight loss with atrophy of fat and skeletal muscle’. Importantly, cachexia 
is more than just anorexia” °. Cachectic patients may ingest less food, but 
they are also in a state of negative energy balance that cannot be corrected 
by nutritional supplementation®*”. As a negative risk factor for cancer 
survival, cachexia causes frailty in patients and often prevents them from 
undergoing further therapies. While cachexia can lessen with the shrinkage 
of tumours, there are currently few effective therapies for cancer cachexia’™"”. 

The molecular basis of cachexia is poorly understood. Elevated cyto- 
kine levels have been observed in cachectic patients, but anti-cytokine 
therapies are ineffective’”"’. The activation of brown fat has been described 
in rodent models of cachexia and in certain cachectic patients’ *. Brown 
fat dissipates chemical energy in the form of heat and, hence, could be 
involved in the negative energy balance. How tumours induce thermo- 
genesis in brown fat cells and how this might relate to the wasting of fat 
and skeletal muscle is unknown. In addition, white fat depots contain 
pockets of uncoupling protein 1 (UCP1)-expressing multilocular cells, 
called beige (or brite) cells, that can be stimulated on exposure to cold or 
other stimuli via a process termed browning. Recent studies have char- 
acterized beige cells at a molecular level’* and have demonstrated a require- 
ment for the transcriptional coregulator PRDM16 in the browning process’. 
To understand the molecular basis of how tumours stimulate brown or 
beige cells, we used a murine model of lung cancer that is accompanied 
by cachexia: Lewis lung carcinoma (LLC). 

LLC cells readily form tumours and lead to cachexia in syngeneic 
C57BL/6 mice. LLC-tumour-bearing mice demonstrated hypermeta- 
bolism: their rate of oxygen consumption was significantly higher than 
that of non-tumour-bearing mice (Fig. 1a). However, this increase was 
not due to increased physical activity or reduced food intake (Extended 
Data Fig. 1a, b). The lower carbon dioxide production relative to oxy- 
gen consumption (that is, the lowered respiratory exchange ratio) of 
LLC-tumour-bearing mice indicated that fat was the preferred source 
of fuel (Extended Data Fig. 1c, d). Additionally, more heat production 
was observed in the cachectic mice.(Extended Data Fig. le). All tumour-bearing 


mice lost weight over 3 weeks (Fig. 1b), including wasting of adipose tissues 
and skeletal muscle (Fig. 1c). Inguinal white adipose tissue (iWAT), a 
form of subcutaneous fat, wasted faster than epididymal fat (eWAT), 
a visceral white fat depot. In response to tumour growth, both white fat 
depots (EeWAT and iWAT) and interscapular brown adipose tissue 
(iBAT) exhibited higher expression of genes involved in thermogen- 
esis: Ucp1, Dio2 and Pgcla (Fig. 1d—f). An increase in the expression of 
certain other genes involved in energy metabolism, including glucose 
transporters and B-oxidation and lipolytic enzymes", was also observed 
(Fig. 1d-f). LLC tumours also induced the skeletal muscle expression of 
atrophy-associated genes (Fig. 1g), including the genes encoding myos- 
tatin (Mstn), atrogin 1 (also known as Fbxo32) and MuRF1 (also known 
as Trim63). 

To examine the contribution of adipose tissue browning to cachexia, 
we studied fat-specific Prdm16-deficient mice, which have a dramat- 
ically reduced thermogenic potential and are resistant to browning”. 
LLC-tumour-induced adipose tissue wasting was significantly inhib- 
ited in Prdm16-knockout mice, without a change in tumour size or the 
loss of muscle mass (Extended Data Fig. 2a, b). The cachexia-associated 
induction of Ucp1 and Dio2 expression was impaired in the knockout 
mice, while the increase in expression of the other genes involved in 
energy metabolism was unaffected (Extended Data Fig. 2c-f). These 
results indicate a crucial role for the beige fat thermogenesis pathway in 
adipose tissue wasting. 

Weexamined whether LLC-tumour-derived factors may induce ther- 
mogenic gene expression in fat tissues. The treatment of primary white 
adipose cells with LLC-cell-conditioned medium stimulated the express- 
ion of Ucp1 and Dio2 (Fig. 2a). We then filtered the LLC-cell-conditioned 
medium through a 3-kDa cut-off membrane and tested the response of 
primary adipocytes to each fraction (Fig. 2b). All of the thermogenic 
activity was retained in the filter-concentrated fraction, leaving none in 
the flow-through. This finding suggests that the thermogenesis-inducing 
activity most probably originates from a macromolecule. 

To identify thermogenic factors, we used a combination of cell clon- 
ing and gene expression profiling. We first established single-cell clones 
from the heterogeneous LLC cells. Thirty subclones were generated and 
used to produce conditioned media, the activity of which was then tested 
on primary adipocytes. We observed a range of Ucp1-inducing activity by 
conditioned media from these subclones (Fig. 2c), and we chose eight 
clones that demonstrated either more or less thermogenic activity than 
the parent cells (Extended Data Fig. 3a). We analysed the global gene 
expression profiles of the 8 subclones using microarrays and generated 
a list of secreted proteins for which the corresponding messenger RNA 
levels were higher in the more thermogenic subclones (Fig. 2d). We tested 
the effects of these secreted proteins on primary adipocytes and found 
that several members of the epidermal growth factor (EGF) family (Ex- 
tended Data Fig. 3b), including betacellulin (BTC), heparin-binding EGF- 
like growth factor (HBEGF) and epiregulin (EREG), as well as PTHrP 
(encoded by Pthlh), induced Ucp1 expression (Fig. 2e). 

To determine the contribution of BTC, EREG and HBEGF to the Ucp1- 
inducing activity found in LLC-cell-conditioned medium, we used an 
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Figure 1 | LLC tumours cause adipose tissue browning and cachexia. Mice 
were inoculated with LLC cells and monitored for up to 21 days (n = 6 for each 
group). Four days after inoculation, a cohort of mice (n = 6 for the non- 
tumour-bearing (NTB) group and n = 9 for the LLC group) was placed into 
metabolic cages to measure oxygen consumption (VOz) (a). Carcass weight 
(calculated by subtracting tumour weight from the total weight) (b) and the 
weight of fat and muscle tissues (c) were measured. The mRNA levels in iWAT 
(d), eWAT (e), iBAT (f) and the gastrocnemius muscle (Gastroc) (g) were 
determined by quantitative reverse transcription PCR (qRT-PCR). The values 
are mean + s.e.m. Statistical analysis was conducted using the two-tailed t-test. 
*, P<0.05; **, P< 0.005; ***, P< 0.0005 compared with the NTB group. 

d, day. 


inhibitor of EGF receptor (EGFR) signalling. Since the three EGF family 
proteins signal through the receptors EGFR and ERBB4, we tested the 
effects of AST-1306, a specific protein kinase inhibitor that targets both 
receptors, on primary adipocytes. AST-1306 completely blocked Ucp1 
mRNA induction when fat cells were treated in combination with BTC, 
EREG or HBEGF (Extended Data Fig. 3c). By contrast, the browning 
activity present in LLC-cell-conditioned medium was largely unaffected 
by AST-1306 treatment, suggesting that these EGF family proteins do 
not have a major quantitative role in this process (Fig. 3a). 

PTH¢P is processed into at least three peptide products. We treated 
primary white and brown adipocytes with these peptides and PTH(1- 
34) (a PTH-derived peptide containing amino acid residues 1 to 34), 
which has sequence and structural similarity to PTHrP(1-34). Both 
PTH(1-34) and PTHrP(1-34), which signal through the same receptor 
(the PTH and PTHrP receptor (PTHR)), stimulated thermogenic gene 
expression (Fig. 3b and Extended Data Fig. 3d). For simplicity, hereafter, 
the 1-34 peptides will be referred to as PTHrP and PTH. Time-course 
and dose-response analysis of PTHrP treatment revealed that this peptide 
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Figure 2 | LLC-cell-conditioned medium stimulates thermogenic gene 
expression in fat cells. a—c, Parent LLC cells or subclones were cultured in 
serum-free medium for 24 h. Primary adipocytes (n = 3 ina and b) were treated 
for 24h with LLC-cell-conditioned medium (a and c) or filtered fractions (b). 
d, Gene expression heat map of the genes encoding the secreted factors 
identified in the microarray analysis. e, Primary adipocytes were treated with 
the indicated proteins (1 Lg ml ') for 24h (n = 3). The mRNA levels 
corresponding to the indicated genes were determined by qRT-PCR. Ap2 (also 
known as Fabp4) and Pparg are controls for adipocyte differentiation. The 
values are mean + s.e.m. Statistical analysis was conducted using the two-tailed 
t-test. *, P<0.05; **, P<0.005; ***, P< 0.0005, compared with the control 


group. 


potently induces Ucp1 and Dio2 mRNA (by up to 200- and 20-fold, 
respectively), comparable to noradrenaline, the classic thermogenic 
catecholamine produced by the sympathetic nervous system (Fig. 3c 
and Extended Data Fig. 4). We next investigated how PTHrP affects 
UCP1 protein levels and uncoupled respiration. Primary white and brown 
adipocytes were treated with noradrenaline, PTHrP or PTH. Remarkably, 
all three factors comparably increased UCP1 protein levels and signifi- 
cantly raised oxygen consumption, including basal, uncoupled and max- 
imal respiration (Extended Data Fig. 5a—c). These results show that the 
PTH and PTHrP pathway can bea robust regulator of cellular respiration. 

PTHR is a G-protein-coupled receptor that activates the cyclic-AMP- 
dependent protein kinase (PKA) pathway’. Noradrenaline also signals 
through B-adrenergic receptors that are G-protein-coupled receptors and 
induce PKA signalling, thereby promoting thermogenic gene expression. 
The treatment of primary white and brown adipocytes with noradrena- 
line, PTHrP or PTH stimulated the phosphorylation of the PKA sub- 
strates CREB and HSL. A selective PKA inhibitor, H89, blocked PKA 
signalling, which also completely inhibited transcriptional regulation 
by all three factors (noradrenaline, PTHrP and PTH) (Extended Data 
Fig. 5d-g). These results strongly suggest that both PTHrP and PTH 
require the PKA pathway to mediate their effects on Ucp1 and Dio2 tran- 
scription and therefore have a signalling mechanism in common with 
the B-adrenergic pathway. 

Next, a neutralizing antibody specific for PTHrP was used to invest- 
igate whether PTHrP is involved in LLC-cell-induced thermogenic 
gene expression. This antibody was capable of completely inhibiting 
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Figure 3 | PTHrP is responsible for most of the LLC-cell-derived browning 
activity. a—c, Primary adipocytes (n = 3 for each group) were treated with 

1 pM AST-1306 and LLC-cell-conditioned medium for 24h (a), with 

100ng ml ' of the indicated peptides for 2h (b), or with 100ng ml’ PTHrP 
for 2-24h or 100 mM noradrenaline (NE) for 4h (c). d, e, Primary adipocytes 
(n = 3 for each group) were treated with 10 pg ml* IgG or anti-PTHrP 
antibody along with either 10 ngml”* PTHrP for 4h (d) or LLC-cell- 
conditioned medium for 24h (e). The mRNA levels were measured by 
qRT-PCR. The values are mean + s.e.m. Statistical analysis was conducted 
using the two-tailed t-test. *, ** and *** denote differences from the control 
(IgG) group. #, ## and ### denote differences between the PTHrP groups or 
between the LLC groups. *, P< 0.05; **, P< 0.005; ***, P< 0.0005; 

#, P<0.05; ##, P< 0.005; ###, P< 0.0005. 


PTHrP activity when added to adipocytes (Fig. 3d). Importantly, when 
adipocytes were treated with LLC-cell-conditioned medium in com- 
bination with the anti-PTHrP antibody, Ucp1 and Dio2 induction was 
almost completely blocked (Fig. 3e). These data indicate that PTHrP is 
a major component of the LLC-cell-secreted products that cause 
browning of cultured adipocytes. 

PTHR (which is encoded by PthIr) is known to be highly expressed 
in the kidneys and bone’®. Notably, rather high PthIr mRNA expres- 
sion was also observed in adipose and muscle tissues (Extended Data 
Fig. 6a). We next investigated PTHrP-dependent transcriptional regu- 
lation in vivo. PTHrP potently promoted the expression of thermogenic 
genes and certain other genes of energy metabolism (Extended Data 
Fig. 6b-e), a pattern that is notably similar to the browning of adipose 
tissues by LLC tumours. 

The role of PTHrP in LLC-tumour-induced fat browning and wast- 
ing was then investigated. Up to 500 pg ml _' PTHrP was detected in the 
plasma of tumour-bearing mice (Fig. 4a). We next injected mice with 
the neutralizing antibody specific for PTHrP or control IgG. Amazingly, 
anti-PTHrP-treated mice did not experience significant weight loss, 
while the IgG-treated group displayed evident cachexia (Fig. 4b). The 
anti-PTHrP treatment blocked both adipose tissue and skeletal muscle 
wasting, without changing the average tumour mass (Fig. 4c, d). Histological 
examination of the adipose tissues showed that anti-PTHrP treatment 
prevented the shrinkage of fat droplets (Fig. 4e). This neutralization 
of PTHrP also blocked thermogenic gene expression in eWAT, iBAT 
(Fig. 4f, g) and iWAT (Extended Data Fig. 7), indicating that thermogen- 
esis has a causal role in fat wasting. Treatment with anti-PTHrP antibody 
also lowered the oxygen consumption of the cachectic mice, increased 
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Figure 4 | Neutralization of PTHrP prevents tumour-induced adipose 
tissue browning. a, Plasma PTHrP concentrations in mice bearing LLC 
tumours up to 21 days (n = 6). b-g, Mice inoculated with LLC cells received 
10 mg IgG or anti-PTHrP antibody per kg body weight every 3 days from day 6 
to day 15 and were killed on day 16 (n = 4, 5 and 6 for the NTB, IgG and anti- 
PTHrP groups, respectively). Carcass weight (b), weight of tumours (c), weight 
of fat and muscle tissues (d) and haematoxylin and eosin staining of adipose 
tissues (e) are shown. The mRNA levels in eWAT (f) and iBAT (g) were 
measured by qRT-PCR. h, Mice were treated similarly to b-g except that they 
were placed into metabolic cages on day 4 to measure oxygen consumption 
(n = 6 for the NTB group and n = 5 for the other groups). The values are 
mean + s.e.m. Statistical analysis was conducted using the two-tailed t-test. 

*, ** and *** denote differences between the NTB group and the IgG group. 
#, ## and ### denote differences between the anti-PTHrP group and the IgG 
group. *, P< 0.05; **, P< 0.005; ***, P< 0.0005; #, P< 0.05; ##, P< 0.005; 
###, P<0.0005. 


their physical activity and reduced their heat production (Fig. 4h and 
Extended Data Fig. 8). We used a Clark electrode to test ex vivo oxygen 
consumption of fat and skeletal muscle tissues. Notwithstanding the 
limited power of this technique to measure and represent actual tissue 
respiration, we demonstrated modest increases in the fat tissue respira- 
tion of the cachectic mice. These increases were suppressed by the anti- 
PTHrP treatment (Extended Data Fig. 9).While additional, off-target, 
effects of the anti- PTHrP antibody cannot be ruled out, these data reveal 
a major role for PTHrP in LLC-tumour-induced adipose tissue ther- 
mogenesis and hypermetabolism. 

Neutralization of PTHrP also reduced the LLC-tumour-induced 
muscle wasting (Fig. 4d), the atrophy of muscle fibres (Extended Data 
Fig. 10a) and the atrophy-associated gene expression (Fig. 5a). We further 
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Figure 5 | PTHrP is associated with wasting of the LBM in cachectic mice 
and humans. a, The mRNA levels in the gastrocnemius muscle from the 
experiment described in Fig. 4b-g. b-e, Mice inoculated with LLC cells received 
10 mg IgG or anti-PTHrP antibody per kg body weight every 3 days from 
day 6 to day 21-22 (n = 5 for the anti-PTHrP group and n = 6 for the other 
groups). Representative images of the hindlimb and gastrocnemius muscles are 
shown (b). Fat and muscle tissues were weighed (c). Muscle function was 
analysed by measuring grip strength (d) and in situ contraction (e). f-h, Mice 
inoculated with LLC cells were killed after receiving daily injections of 1 mg 
PTHrP per kg body weight between days 10 and 16 (n = 5 for the LLC-Vehicle 
group (vehicle denotes PBS) and n = 6 for the other groups). The 
gastrocnemius muscle weight (f) and grip strength (g) were measured. The 
mRNA levels in the gastrocnemius muscle were determined by RT-PCR 
(h). i, j, The LBM and REE/LBM of the PTHrP-positive and PTHrP-negative 
patients were compared. k, A model for PTHrP action in cancer cachexia. 

a, c-j, The values are mean + s.e.m. Statistical analysis was conducted using the 
two-tailed t-test. *, ** and *** denote differences from the NTB group. 

#, ## and ## denote differences between the IgG group and the anti-PTHrP 
group or between the LLC-Vehicle group and the LLC-PTHrP group. 

*, P<0.05; **, P<0.005; ***, P< 0.0005; #, P< 0.05; ##, P< 0.005; 

###, P<0.0005. 


investigated this effect by treating mice with anti-PTHrP antibody until 
the time point at which severe cachexia was observed in the controls. The 
anti-PTHrP treatment preserved muscle mass to a significant extent 
(Fig. 5b, c). This preservation was also reflected in muscle function, as shown 
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by improved grip strength and in situ muscle contraction (Fig. 5d, e). While 
it was possible that PTHrP-associated hypercalcaemia may have con- 
founded the effects here, we did not observe hypercalcaemia in the LLC 
model, and neutralization of PTHrP did not affect the circulating calcium 
levels (Extended Data Fig. 10b, c). 

PTH¢P injection into healthy mice failed to affect the expression of 
muscle-atrophy-associated genes (Extended Data Fig. 10d, e). Furthermore, 
PTHrP treatment of primary myotubes did not change the expression of 
the muscle-atrophy-associated genes or myotube diameter (Extended 
Data Fig. 10f, g), suggesting that PTHrP does not directly induce skeletal 
muscle atrophy. We investigated this further by injecting PTHrP into 
tumour-bearing mice. Remarkably, PTHrP administration exacerbated 
cachexia-associated weight loss without changing tumour mass (Extended 
Data Fig. 10h-j). PTHrP treatment led to more severe skeletal muscle 
wasting and poorer muscle function and significantly promoted the 
expression of muscle-atrophy-associated genes in the cachectic mice 
(Fig. 5f-h). These findings indicate that PTHrP is required for the loss of 
muscle mass and function in the LLC model. However, PTHrP prob- 
ably does not act alone and is likely to collaborate with other tumour- 
derived factors. 

Lastly, we investigated PTHrP expression in a cohort of patients diag- 
nosed with metastatic non-small-cell lung cancer or colorectal cancer, 
whose body composition and metabolic rate were studied in the con- 
text of a clinical investigation of the aetiology of cancer cachexia’®"’. 
Seventeen out of 47 patients displayed detectable levels of serum PTHrP 
(mean + s.d., 205 + 155 pg ml *) with no medical history of hypercal- 
caemia. These patients had a significantly lower lean body mass (LBM) 
and a significantly higher resting energy expenditure (REE) per kg LBM 
than 30 patients lacking detectable levels of PTHrP (Fig. 5i, j). The reduced 
amount of lean tissue in the PTHrP-positive patients was not associated 
with a difference in dietary intake (PT HrP-positive, 2,364 + 750 kcal day — 1 
(mean = s.d.); PTHrP-negative, 2,285 + 487 kcal day '; P=0.66) ora 
difference in systemic inflammation as determined by the serum C-reactive 
protein levels (PTHrP-positive, 5.7 + 4.7 mg 1! (mean = s.d.); PTHrP- 
negative, 12.6 + 27 mg] '; P = 0.32) (Supplementary Data). These results 
indicate an association between higher PTHrP concentrations anda greater 
degree oflean tissue wasting and elevated energy expenditure within this 
cohort of patients. 

PTHP is secreted by many tumours and is often involved in the hyper- 
calcaemia that accompanies certain cancers’”. PTHrP has previously been 
linked to the cachexia associated with hypercalcaemia of malignancy”. 
However, its direct roles in the muscle wasting process and the browning 
of adipose tissues have not been reported. Taken together, our data show 
that PTHrP is the major LLC-tumour-derived factor stimulating adipose 
tissue thermogenic gene expression and hypermetabolism. Neutralization 
of PTHrP blocks both the browning and the wasting of fat depots and 
much of the muscle wasting and weakness in this model of cachexia. 

These data suggest a model whereby PTHrP functions alone to drive 
the thermogenic/browning program in adipose tissues but is likely to 
collaborate with other tumour-derived molecules to bring about the pro- 
found muscle wasting and weakness observed in the LLC model (Fig. 5k). 
The identity of the collaborating factors is unknown. The browning driven 
by PTHrP seems not to be obligatorily linked to the muscle wasting process. 

Our preliminary evaluation of 47 patients with cancer identified a 
PTHrP-positive subset, which showed features of reduced LBM and 
increased REE. Further prospective studies on cachexia-prone patients 
should study these parameters with serial tissue biopsies to determine 
whether there is a specific association between PTHrP, adipose tissue 
browning and metabolic rate in clinical cancer cachexia. If PTHrP is 
involved in cachexia in certain patients, it should be possible to identify 
those with elevated PTHrP levels. A humanized antibody specific for 
PTHrP might have anti-cachectic effects like those shown here. It will 
also be interesting to determine whether elevated PTHrP or PTH levels 
have any roles in the cachexia that is associated with certain other dis- 
eases, such as congestive heart failure and chronic kidney diseases. 
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In BRAF(V600)-mutant tumours, most mechanisms of resistance 
to drugs that target the BRAF and/or MEK kinases rely on reactiva- 
tion of the RAS-RAF-MEK-ERK mitogen-activated protein kinase 
(MAPK) signal transduction pathway, on activation of the alterna- 
tive, PI(3)K-AKT-mTOR, pathway (which is ERK independent) or on 
modulation of the caspase-dependent apoptotic cascade’, All three 
pathways converge to regulate the formation of the eIF4F eukaryotic 
translation initiation complex, which binds to the 7-methylguanylate 
cap (m’G) at the 5’ end of messenger RNA, thereby modulating the 
translation of specific mRNAs*°. Here we show that the persistent 
formation of the e[F4F complex, comprising the eIF4E cap-binding 
protein, the eIF4G scaffolding protein and the eIF4A RNA helicase, 
is associated with resistance to anti-BRAF, anti-MEK and anti-BRAF 
plus anti-MEK drug combinations in BRAF(V600)-mutant mela- 
noma, colon and thyroid cancer cell lines. Resistance to treatment 
and maintenance of eIF4F complex formation is associated with one 
of three mechanisms: reactivation of MAPK signalling, persistent 
ERK-independent phosphorylation of the inhibitory eIF4E-binding 
protein 4EBP1 or increased pro-apoptotic BCL-2-modifying factor 
(BMF)-dependent degradation of eIF4G. The development of an 
in situ method to detect the eI[F4E-elF4G interactions shows that 
eIF4F complex formation is decreased in tumours that respond to 
anti-BRAF therapy and increased in resistant metastases compared 
to tumours before treatment. Strikingly, inhibiting the eI[F4F com- 
plex, either by blocking the eIF4E-eIF4G interaction or by targeting 
elF4A, synergizes with inhibiting BRAF(V600) to kill the cancer cells. 
eIF4F not only appears to be an indicator of both innate and acquired 
resistance but also is a promising therapeutic target. Combinations 
of drugs targeting BRAF (and/or MEK) and eIF4F may overcome most 
of the resistance mechanisms arising in BRAF(V600)-mutant cancers. 

A plethora of mechanisms of resistance to BRAF(V600) inhibitors 
have been described, including mutations of NRAS, MAP2K] and PIK3CA, 
partial deletion of PTEN, expression of BRAF splice variants, upregula- 
tion of PDGFRR, IGF-1R, EGFR, HER3 and COT and downregulation 
of BH3-only proteins (which are pro-apoptotic)’ **. By activating the 
MAPK or the PI(3)K pathway or by modulating the caspase-dependent 
apoptotic cascade, all of these mechanisms converge on elF4F-dependent 
mRNA translation. 

To investigate the potential role of eIF4F complex formation in the resis- 
tance of BRAF(V600) melanoma to anti-BRAF and anti- MEK compounds, 
we first tested a panel of human melanoma cell lines (Supplementary 
Table 1) for their sensitivity to vemurafenib. Two BRAF(V600)-mutated 
cell lines (Mel624 and A2058) were resistant to vemurafenib compared 
with other cell lines (for example, A375 and Mel888) in both short-term 
(Extended Data Fig. 1a) and long-term (Extended Data Fig. 1b) pro- 
liferation assays. Similarly to the sensitivity pattern observed in vitro, 


A375 xenografts were more sensitive to vemurafenib than were Mel624 
xenografts (Extended Data Fig. 2a). Determination of the half-maximum 
inhibitory concentration (ICs9) (Extended Data Fig. 1a and Supplemen- 
tary Table 1), together with long-term proliferation assays (Extended 
Data Fig. 1c), indicated that these two vemurafenib-resistant cell lines 
(Mel624 and A2058) were also less sensitive to dabrafenib (another 
BRAF(V600) inhibitor), PD0325901 and trametinib (both MEK inhi- 
bitors), the combination of dabrafenib and trametinib, and CGP 57380 
(a MNK inhibitor). To determine the status of the e[F4F complex in 
these various cell lines, we used a cap-binding assay in which synthetic 
m’GTP-Sepharose beads capture eIF4E and its two binding partners, 
eIF4G and 4EBP1. We observed that vemurafenib treatment increased 
the amount of eIF4E-bound 4EBP1 and concomitantly decreased the 
amount of e[F4E-bound eIF4G in the two sensitive cell lines (A375 and 
Mel888) (Fig. 1a). Incorporation of [?°S]methionine and cysteine and 
profiling of polysomes showed that this decrease in eIF4F complex for- 
mation led to a weak decrease (13%) in translation initiation in the acute 
phase (3 h) of the response to treatment and toa greater decrease (30%) 
in protein synthesis after 24 h of treatment (Extended Data Fig. 3a, b). 
As expected from another study’, describing mTOR-dependent trans- 
lation regulation, the analysis of mRNAs that are differentially recruited 
to heavy polysomes (Supplementary Table 2) showed that the trans- 
lation of several mRNAs containing 5’ terminal oligopyrimidine (TOP) 
motifs and encoding many ribosomal proteins and translation factors 
was inhibited during the acute response to vemurafenib treatment (Ex- 
tended Data Figs 3c, d and 4 and Supplementary Table 2). 

Strikingly, the vemurafenib-dependent disruption of the eIF4E-elF4G 
complex was not observed in the resistant cell lines (Mel624 and A2058) 
(Fig. 1a). We further investigated the formation of the eI[F4F complex 
using a proximity ligation assay procedure (Extended Data Fig. 5), and 
we observed that vemurafenib induced a decrease in e[F4E-eIF4G 
interaction and an increase in e[F4E-4EBP1 complex formation in 
vemurafenib-sensitive cell lines (A375 and Mel888) that was not ob- 
served in the resistant cell lines (Mel624 and A2058) (Fig. 1b and Ex- 
tended data Fig. 6a, b). In vivo experiments in mice were consistent with 
these findings, as we also found fewer eIF4E-elF4G interactions, com- 
pared with eIF4E-4EBP1 interactions, in vemurafenib-treated A375 
xenografts (sensitive) than in vemurafenib-treated Mel624 xenografts 
(resistant) (Extended Data Fig. 2b, c). The same correlation between sen- 
sitivity to the drugs and the level of activation of the eIF4F complex was 
observed with dabrafenib, trametinib and combinations of both drugs 
(Extended Data Fig. 7a, b), extending our observation to anti- MEK agents 
and anti-BRAF plus anti- MEK combinations’. 

In parallel, we generated a melanoma cell line with acquired resistance 
to vemurafenib (Supplementary Table 1) by exposing the Malme-3M 
cell line, which has the BRAF(V600) mutation, to incremental increases 
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Figure 1 | The formation of the eIF4F translation initiation complex is 
associated with resistance to BRAF inhibitors. a, elF4F complex formation, 
as determined using the cap-binding assay in vemurafenib-treated or untreated 
tumour cell lines. Eluates from beads (m’G-bound) and total extracts 

(input) were analysed by western blotting. The half-maximum inhibitory 
concentration (ICs) for vemurafenib is indicated (see also Supplementary 
Table 1). b, eIF4E-elF4G or eIF4E-4EBP1 interactions detected by proximity 
ligation assay (PLA) in vemurafenib-treated or untreated cell lines. The 
interactions were visualized as red spots. The white numbers indicate the 
mean = s.d. (n = 3). 


elF4E-elF4G 


elF4E-4EBP1 


in vemurafenib concentration over 2 months. Again, vemurafenib induced 
a decrease in eI[F4E-eIF4G interactions and an increase in e[F4E-4EBP 1 
complex formation in vemurafenib-sensitive Malme-3M cells but not 
in vemurafenib-resistant Malme-3M (R-Malme-3M) cells (Extended 
Data Fig. 8a). Finally, this paradigm was not limited to melanoma cell 
lines: we observed the maintenance of the eIF4F complex in two other 
cell lines: the colon cancer cell line HT-29, in which resistance is asso- 
ciated with an activating PI(3)K(P449T) mutation’ and EGFR over- 
expression’®; and the papillary thyroid cancer cell line BCPAP, in which 
resistance is linked to HER3 overexpression" (Extended Data Fig. 8b). 

We next addressed the mechanisms underlying the differences in the 
sensitivity to vemurafenib in the above-mentioned melanoma cell lines. 
We observed that R-Malme-3M exhibited a higher ERK phosphoryla- 
tion level than the sensitive Malme-3M cell line (Fig. 2a). The sustained 
phosphorylation of ERK was associated with a vemurafenib-dependent 
increase in BRAF—CRAF dimerization, revealing a mechanism of resis- 
tance linked to reactivation of the MAPK pathway (Fig. 2b). Vemurafenib 
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treatment inhibited ERK phosphorylation in all of the other cell lines 
tested, including the vemurafenib-resistant cell lines Mel624 and A2058 
(Fig. 2c), showing that the differential sensitivity to vemurafenib in these 
cell lines cannot be explained by the reactivation of the MAPK pathway. 
The expression and phosphorylation of the main translation initiation 
factors remained unchanged in vemurafenib-resistant cell lines, except 
for eIF4G and eIF4B, for which vemurafenib-dependent dephosphor- 
ylation was observed (Fig. 2c). However, these dephosphorylations also 
occurred in vemurafenib-sensitive cell lines and therefore were not cor- 
related with vemurafenib resistance. 4EBP1 was dephosphorylated in 
the vemurafenib-treated sensitive cell line Mel888 and to a lesser extent 
in A375. This dephosphorylation is linked to AKT dephosphorylation 
(Fig. 2c), which does not occur in resistant cell lines. The amounts of 
eIF4G and eIF4B were decreased in the vemurafenib-treated sensitive 
A375 cell line (Fig. 2c). 

To uncover the mechanisms underlying this decrease, we sought to 
identify the genes whose expression is altered after vemurafenib treat- 
ment in A375 cells compared with Mel624 cells, by using microarrays 
(Supplementary Table 3). As expected from previous studies'*”’, vemur- 
afenib led to the inhibition of expression of genes encoding transcrip- 
tion factors associated with ERK-dependent transformation and genes 
encoding feedback regulators of ERK signalling, such as members of 
the dual specificity phosphatase (DUSP) and sprouty (SPRY) gene fam- 
ilies (Fig. 2d and Supplementary Table 3). These changes were found in 
both the sensitive and resistant cell lines, reinforcing the finding that 
the differential sensitivity of these two cell lines to vemurafenib is inde- 
pendent of the MAPK pathway. We focused on a set of 27 genes that 
were differentially upregulated in A375 cells, including BMF (Fig. 2d), 
a pro-apoptotic gene that had already been shown to be involved in ac- 
quired resistance to PLX4720 (ref. 6),a vemurafenib analogue. Of these 
27 genes, BMF was the only one that, when knocked down (by short 
interfering RNA (siRNA)-mediated depletion), led to the relative res- 
istance of A375 cells to vemurafenib (Extended Data Fig. 9a, b). Vemur- 
afenib treatment led to a strong increase in the expression of BMF in 
A375 cells but not in Mel624 cells (Fig. 2e). siRNA-mediated depletion 
of BMF led to decreased vemurafenib-dependent eIF4G cleavage (Fig. 2f) 
and to increased eIF4F complex formation (Fig. 2g), suggesting that BMF 
is involved in the sensitivity to vemurafenib by acting on the cleavage 
of eIF4G, which, in turn, affects eIF4F complex formation. In favour 
of this hypothesis, we found that the cleavage of eIF4G (first observed 
45 min after treatment) preceded the disruption of eIF4F (first observed 
90 min after treatment) (Extended Data Fig. 6c, d). Thus, in addition 
to reactivation of the MAPK pathway and/or activation of the PI(3)K- 
AKT-mTOR pathway, the formation of the eIF4F complex is also an 
indicator of resistance linked to modulation of apoptotic cascades. 

To further support the idea that the formation of the eIF4F complex 
is involved in sensitivity to vemurafenib, we used the small molecule in- 
hibitor 4EG inhibitor-1 (4EGI-1), which disrupts elF4E-eIF4G interaction”. 
4EGI-1 decreased the eIF4E-eIF4G interaction and, in parallel, increased 
the eIF4E-4EBP1 interaction in all cell lines tested (Extended Data Fig. 5b). 
Vemurafenib-resistant cell lines were more sensitive to 4EGI-1 than were 
vemurafenib-sensitive cell lines (Fig. 3a), suggesting a direct role of the 
eIF4F complex in proliferation. To examine whether resistance can be 
reversed by disrupting the eIF4F complex, we explored the effect of the 
combination of vemurafenib and 4EGI-1 on Mel624 cells and found a 
clear synergistic effect of these compounds (Fig. 3b). Thus, the forma- 
tion of the eIF4F complex is directly involved in sensitivity to vemurafenib. 
Targeting translation initiation may therefore be a strategy to overcome 
resistance to anti- BRAF and/or anti- MEK compounds. Silvestrol, a nat- 
urally occurring member of the flavagline family of compounds, inhibits 
cap-dependent translation by targeting eIF4A‘*’”. However, silvestrol 
displays poor ADME (absorption, distribution, metabolism and excre- 
tion) characteristics and is sensitive to P-glycoprotein-mediated multi- 
drug resistance, which severely hampers its use in in vivo studies'*”. 

To circumvent this problem, we chose to evaluate a series of syn- 
thetic flavagline derivatives (Supplementary Notes) for their capacity 
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Figure 2 | Identification of mechanisms of resistance associated with 
persistent eIF4F formation. a, c, Western blot analysis with antibodies specific 
for phosphorylated (P-) or total proteins as indicated. b, BRAF-—CRAF 
interaction detected by PLA. The white numbers indicate the mean + s.d. 

(n = 3). d, Venn diagram showing the overlap of differentially expressed genes 
in several vemurafenib-treated cell lines. The list of genes on the left represents 
the 27 genes whose expression was upregulated by vemurafenib in A375 

cells but not in Mel624 cells. EGR, early growth response; IER, immediate early 


to inhibit the eIF4F complex, by using a bicistronic luciferase reporter 
construct (pR-HepC-L) (Fig. 3c). In this assay, translation of the first 
(LucR) cistron is eIF4F-dependent, while translation of the hepatitis C 
virus internal ribosome entry site (IRES)-driven second (LucF) cistron 
is eIF4F-independent. Differential translation of both cistrons, as mea- 
sured by the ratio of luciferase activities, directly reflects differences in 
elF4F activity. Treatment of pR-HepC-L-transfected A375 cells with 


response. e, Expression of BMF mRNA (as determined by quantitative reverse 
transcription PCR (qRT-PCR)) in vemurafenib-treated A375 cells compared 
with dimethylsulphoxide (DMSO) controls. The data are presented as the 
mean = s.d. (n = 3), and differences were assessed with Student’s t-test 

(**, P< 0.01). f, Western blotting analysis of vemurafenib treatment on BMF- 
depleted A375 cells. si- BMF, BMF-directed siRNA; si-control, control siRNA. 
g, eI[F4E-elF4G and eIF4E-4EBP1 interactions detected by PLA. The 

white numbers are the mean = s.d. (n = 3). 


silvestrol and several flavaglines (for example, FL3, FL14, FL23 or FL36) 
led to an increase in the LucF:LucR ratio (Fig. 3d), indicating that those 
drugs target eIF4F in a specific manner. A structure-function relation- 
ship study allowed us to define the best translation inhibitors (Fig. 3e). 
The ability to inhibit e[F4F-dependent translation correlated with the 
ability to inhibit cell proliferation (Fig. 3f). Finally, we found that com- 
bining vemurafenib and an eIF4A inhibitor, such as FL3, silvestrol or 
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Figure 3 | Flavaglines target eIF4F and synergize 
with vemurafenib. a, f, Cell proliferation assays. 
The data are presented as the mean + s.d. (n = 4). 
Survival is shown relative to DMSO controls. (The 
ability to inhibit eIF4F-dependent translation is 
derived from d.) b, g, Isobologram of the effect of 
the combination of vemurafenib plus the indicated 
drugs on Mel624 cells. The Bliss index is shown 
in square brackets. c, Schematic of the mRNA 
produced from the pR-HepC-L vector. HCV IRES, 
hepatitis C virus internal ribosome entry site. 

d, Ratio of LucF to LucR activity (AU, arbitrary 
units) in pR-HepC-L-transfected A375 cells treated 
with flavaglines. The data are presented as the 
mean = s.d. (n = 4), and differences were assessed 
with Student’s t-test (*, P< 0.05; **, P< 0.01). 

e, Structure-function relationships of the 
flavaglines. h, Growth of Mel624 xenografts in 
mice. The data are presented as mean tumour 
volume + s.e.m. ( = 6 mice per group); one-sided 
Mann-Whitney test, *, P< 0.05; **P < 0.01. 
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hippuristanol*, had a synergistic effect on the proliferation of Mel624 
cells (Fig. 3g). Interestingly, this synergy was not observed with other 
chemotherapeutics such as doxorubicin (which intercalates into duplex 
DNA), actinomycin D (which inhibits RNA synthesis) or rapamycin 
(which targets mTORC1) (Fig. 3g). Rapamycin is expected to depho- 
sphorylate 4EBP1 and should disrupt the eIF4F complex, which, in turn, 
should lead toa synergistic effect of vemurafenib and rapamycin. How- 
ever, we found that rapamycin did not lead to 4EBP 1 dephosphorylation 
in Mel624 cells, explaining the lack of synergy (Extended Data Fig. 9c). 
Xenograft experiments were then performed with FL3, which was cho- 
sen from the flavaglines because of its ability to overcome multidrug 
resistance and its activity in vivo”. The combination of FL3 plus PLX4720 
(Plx) given at a moderate dose of 200 mg per kg body weight led to a 
strong reduction in Mel624 tumour growth (Fig. 3h). The cooperative 
action of FL3 and Plx was shown by using a low dose of Plx (90 mg per kg 
body weight), at which no effect on Mel624 tumour growth was ob- 
served with Plx alone (Extended Data Fig. 2d). 

To evaluate the clinical relevance of the e[F4F complex in patients, we 
investigated its presence in 16 biopsy specimens (before and during anti- 
BRAF therapy) from 7 patients with metastatic melanoma (Supplementary 
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Table 4). Interestingly, sequencing of the tumours that were progres- 
sing revealed an acquired PI(3)K(Q546R) mutation in a metastasis from 
patient 6 (Supplementary Table 5) close to a recently described activ- 
ating mutation (E545G) in PI(3)K that is associated with acquired 
resistance’. We observed a decrease in eIF4F complex formation (as mea- 
sured by the ratio of the e[F4E-elF4G complex to the e[F4E-4EBP1 
complex) in three out of four biopsy samples of responding tumours 
(Fig. 4 and Extended Data Fig. 10) compared with biopsy samples taken 
before therapy (baseline). By contrast, in all resistant tumours that were 
progressing under therapy, we found a clear increase in e[F4F complex 
formation compared with the baseline biopsy samples (Fig. 4 and Ex- 
tended Data Fig. 10). Interestingly, patient 4 had two metastases with 
an early mixed response to vemurafenib treatment: one metastasis res- 
ponding to treatment (meta. 1), and the other resisting treatment (meta. 2). 
While an increase in elF4F was found in the resistant metastasis, no 
change was observed in the responding metastasis (Fig. 4b). Thus, a 
direct correlation was found between the response to treatment and 
the formation of eIF4F complexes, illustrating the in vivo association 
between sensitivity to anti-BRAF therapy and inhibition of the eIF4F 
complex. We found that the increase in e[F4F complex formation was 
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Figure 4 | Formation of the e[F4F complex in patients. a, e[F4E-elF4G and 
eIF4E-4EBP1 interactions detected by PLA in samples from the indicated 
patients at the indicated times. The number corresponds to the day (D) of 
biopsy before (—) or after (+) treatment. Each brown spot represents an 
interaction. b, PLA quantification showing the ratio between the eI[F4E-eIF4G 
interactions per 100 nuclei and the e[F4E-4EBP1 interactions per 100 nuclei, 
normalized to the same ratio before treatment (D 0) (mean + s.d.). 
Phosphorylated ERK (P-ERK) immunoreactivity was assessed 
semiquantitatively (grey bars). 


more significantly associated with resistance than was the ERK phos- 
phorylation level, which is conventionally investigated to explore res- 
istance (Fig. 4b). This finding confirmed our in vitro data showing that 
the formation of the e[F4F complex was associated with resistance to 
vemurafenib in both ERK-dependent and ERK-independent resistance 
mechanisms. Using emerging technologies, such as ribosome profiling”’, 
to examine the translation landscape of anti- BRAF and/or anti- MEK- 
sensitive and -resistant tumour cell lines should pave the way for an 
in-depth understanding of the contribution of genes that are regulated 
at the translational level in resistance mechanisms to targeted cancer 
therapies. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Mutant IDH inhibits HNF-4@ to block hepatocyte 
differentiation and promote biliary cancer 
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Mutations in isocitrate dehydrogenase 1 (IDH1) and IDH2are among 
the most common genetic alterations in intrahepatic cholangiocar- 
cinoma (IHCC), a deadly liver cancer’°. Mutant IDH proteins in 
IHCC and other malignancies acquire an abnormal enzymatic activ- 
ity allowing them to convert o-ketoglutarate (aKG) to 2-hydroxyglu- 
tarate (2HG), which inhibits the activity of multiple aKG-dependent 
dioxygenases, and results in alterations in cell differentiation, sur- 
vival, and extracellular matrix maturation® ’°. However, the molecular 
pathways by which IDH mutations lead to tumour formation re- 
main unclear. Here we show that mutant IDH blocks liver progenitor 
cells from undergoing hepatocyte differentiation through the pro- 
duction of 2HG and suppression of HNF-4a, a master regulator of 
hepatocyte identity and quiescence. Correspondingly, genetically engi- 
neered mouse models expressing mutant IDH in the adult liver show 
an aberrant response to hepatic injury, characterized by HNF-4a si- 
lencing, impaired hepatocyte differentiation, and markedly elevated 
levels of cell proliferation. Moreover, [DH and Kras mutations, gen- 
etic alterations that co-exist in a subset of human IHCCs*”, coop- 
erate to drive the expansion of liver progenitor cells, development 
of premalignant biliary lesions, and progression to metastatic IHCC. 
These studies provide a functional link between IDH mutations, he- 
patic cell fate, and IHCC pathogenesis, and present a novel genetic- 
ally engineered mouse model of IDH-driven malignancy. 
Gain-of-function IDH1/IDH2 mutations occur in ~25% of IHCCs!>, 
a liver malignancy that exhibits bile duct differentiation, but have not 
been identified in hepatocellular carcinomas (HCCs), which exhibit hepa- 
tocyte differentiation (http://www.sanger.ac.uk/cosmic). To examine the 
role of IDH mutations in liver tumorigenesis we isolated mouse hepa- 
toblasts, which are embryonic progenitors that give rise to hepatocytes 
and bile duct cells and correspond with adult liver progenitors''”. Hepa- 
toblasts expressing mutant IDH1 (R132C, R132H) or IDH2 (R140Q, 
R172K) produced increased 2HG, but exhibited morphology and pro- 
liferation rates indistinguishable from vector and IDH wild-type con- 
trols (Extended Data Fig. 1la-d). However, unlike control hepatoblasts, 
which underwent hepatocyte differentiation when transferred from 
collagen-coated plates to uncoated plates”’, forming hepatocyte clusters, 
decreasing proliferation, and activating a large program of hepatocyte- 
specific genes including Adh1 and Aldob, [DH-mutant cells were refrac- 
tory to differentiation (Fig. la-d and Extended Data Fig. le-g). IDH1 
(R132C) and IDH2(R172K) caused the most pronounced effects, cor- 
relating with relative 2HG levels. Treatment of R132C-expressing hepa- 
toblasts with AGI-5027 (also known as ML309), a specific inhibitor of 


mutant IDH1 (ref. 14), attenuated 2HG production (Extended Data 
Fig. 1h) and restored hepatocyte differentiation (Fig. le, f). Conversely, 
differentiation of wild-type hepatoblasts was counteracted by (R)- or 
(S)-2HG octyl esters (Extended Data Fig. 1i, j). In contrast to the com- 
plete inhibition ofhepatocyte differentiation, mutant IDH did not impair 
biliary differentiation of hepatoblasts in matrigel (Fig. 1g and Extended 
Data Fig. 1k, 1). Thus, mutant IDH specifically blocks hepatocyte lin- 
eage progression through 2HG production. 

To uncover the molecular program underlying these defects, we ex- 
amined the effect of mutant IDH1/2 on the transcriptome of hepato- 
blasts grown on collagen. Transcriptional profiles of mutant IDH1 and 
2 clustered together and gene set enrichment analysis (GSEA) demon- 
strated reduced expression of targets of HNF-40—a master transcrip- 
tional regulator of hepatocyte differentiation’*—and of HNF-1a, which 
acts downstream of HNF-4c«'°. Moreover, canonical HNF-40- and HNF- 
1o.-binding sites were strongly enriched at the promoters of differentially 
expressed genes (Fig. 2a and Extended Data Fig. 2a-c). 

HNF-4« has multiple isoforms expressed from separate promoters. 
The P2 promoter (encoding HNF-40(7-9)) is active in hepatoblasts and 
gradually extinguished in adult hepatocytes, whereas the P1 promoter 
(encoding HNF-40(1-6)) is hepatocyte-specific’*. Hnf4a(7-9) messen- 
ger RNA and protein were reduced in IDH-mutant hepatoblasts, as was 
expression of HNF-4o targets (Extended Data Fig. 2d—g). Moreover, 
under hepatocyte differentiation conditions, mutant IDH completely 
inhibited the pronounced induction of HNF-40(1-6) and its target— 
OCLN—that is observed in control cells (Fig. 2b and Extended Data 
Fig. 2h). Mutant IDH or octyl-2HG treatment blocked Hnf4a(1-6) 
mRNA induction, whereas AGI-5027 restored Hnfa(1-6) levels in R132C- 
expressing cells (Fig. 2c and Extended Data Fig. 2i-k). Histone H3 lysine 
4 trimethylation (H3K4me3) is associated with active transcription and 
was specifically reduced at the P1 promoter in R132C hepatoblasts, con- 
sistent with the observed silencing of Hnf4a(1-6), whereas the repress- 
ive marks, H3K27me3 and H3K9me3, were unaffected (Extended Data 
Fig. 21, m and data not shown). Importantly, HNF-4a knockdown im- 
paired hepatocyte differentiation of wild-type hepatoblasts without inhib- 
iting biliary differentiation, whereas ectopic HNF-40 expression rescued 
differentiation of IDH-mutant cells (Fig. 2d—h and Extended Data Figs 
2n, 0, 3a, b). Thus, mutant IDH alters the epigenetic state of the P1 
promoter—through targeting either direct regulators of the locus or more 
upstream factors—and prevents induction Hnf4a(1-6), thereby block- 
ing hepatocyte lineage progression. Notably, HNF-4a and HNF-1ohave 
critical antiproliferative and tumour suppressor functions in the adult 
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Figure 1 | Mutant IDH blocks hepatocyte differentiation. a—d, Hepatoblasts 
expressing empty vector (EV) or the indicated IDH alleles at physiological levels 
(see Extended Data Fig. 1a), were transferred to uncoated plates to induce 
hepatocyte differentiation. a, Hepatocyte sphere formation. WT, wild type. 

b, c, Proliferation (b) and hepatocyte marker expression (c) (quantitative 
polymerase chain reaction with reverse transcription (qRT-PCR)). d, Heat 
map of hepatocyte and biliary gene expression. e, f, Hepatoblasts treated with 
2.5 uM AGI-5027 or dimethylsulphoxide (DMSO) vehicle. e, Hepatocyte 
sphere formation (top), proliferation (bottom). f, Hepatocyte marker 
expression. g, Hepatoblasts in matrigel assessed for biliary differentiation. 
Tubular structures per 6cm dish + standard deviation (s.d.) are quantified. 
*P <0.05. Scale bars, 100 um. 


liver'?”°, suggesting the relevance of this pathway to mutant-IDH- 


mediated tumorigenesis and prompting us to extend our studies in vivo. 

We generated transgenic mice with doxycycline-inducible express- 
ion of IDH2(R140Q) or IDH2(R172K) (Tet-R140Q, Tet-R172K strains) 
specifically in adult hepatocytes—R140Q was detected in virtually all 
hepatocytes and R172K showed more scattered expression, and liver 
2HG levels were elevated (Extended Data Figs 4a-d, 5a). Since mutant 
IDH blocks liver progenitors from undergoing hepatocyte differenti- 
ation in vitro, we sought to address whether it acts analogously in vivo 
to specifically override differentiation from a progenitor cell state, or 
conversely, whether it broadly alters homeostasis of mature hepato- 
cytes. Although normally quiescent, the liver has extensive regenerative 
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Figure 2 | Mutant IDH blocks hepatocyte differentiation by silencing HNF- 
4a. a, Heat map of GSEA showing top-ranked gene sets distinguishing 
IDH1(R132C) or IDH2(R172K) from wild-type (WT) or empty vector (EV) 
control hepatoblasts (pairwise analysis; replicates for each condition; see 
Methods). NES, normalized enrichment score; NS, not significant. 

b,c, Hepatoblasts analysed by immunoblot (b) and qRT-PCR (c).d, e, Analysis 
of wild-type hepatoblasts expressing the indicated short hairpin (sh)RNAs 
(uncoated plates). CTL, control. d, Hepatocyte sphere formation. 

e, Proliferation of shRNA-expressing hepatoblast cells co-expressing EV or 
shRNA-resistant Hnf4a(1) complementary DNA. f-h, Control and R132C- 
expressing hepatoblasts co-expressing vector control (EV2) or HNF-40, grown 
on uncoated plates. f, Hepatocyte sphere formation. g, Hepatocyte gene 
expression. h, Proliferation. Scale bars, 100 um (d), 250 tm (f). *P < 0.05. 


capacity after injury involving replication of mature hepatocyte and bil- 
iary cells, or activation of bipotential progenitors (oval cells) that may 
arise from either lineage’'*’. In the absence of injury, Tet-R140Q mice 
were healthy for up to 48 weeks, and had normal liver histology, marker 
expression, proliferation, and liver function (Fig. 3d, Extended Data 
Fig. 5b and data not shown). By contrast, pronounced defects in res- 
toration of hepatocyte differentiation were observed in mice fed a diet 
containing 3,5-diethoxycarbonyl-1,4-dihydrocollidin (DDC) for 5 days 
and then switched to a normal diet for 3 weeks (Fig. 3a), a protocol caus- 
ing hepatocyte cell death and transient oval cell activation’’””. Hepa- 
tocyte markers including HNF-4« were downregulated 3-10-fold, while 
biliary markers were unchanged, and proliferation was increased >40- 
fold relative to wild-type controls (Fig. 3b-d). Despite this depletion of 
mature hepatocytes, no changes were seen in parameters of liver func- 
tion (Extended Data Fig. 5c, d and data not shown), consistent with the 
persistence of hepatocytes surviving short-term DDC treatment and the 
established capacity of reduced hepatocyte numbers to maintain nor- 
mal physiology. 


4 SEPTEMBER 2014 | VOL 513 | NATURE | 111 


©2014 Macmillan Publishers Limited. All rights reserved 


LETTER 


DDC Normal 


Hepatocyte markers 


Biliary markers WT 


diet diet Analysis Analysis 
{ | | | BTet-R140Q 
= 
3 EWT 
3 BTet-R140Q 
a 
4 
oO 
oO 
b WT Tet-R140Q 2 
oO 
7) 
0) 
Acti > wo WO Pd oh fh @®@ MP MA ro A 
ctin at W we xX) wow A we “& & gf mS 
1.0 0.85 1.04 0.32 0.25 0.32 Bo 
@ CK19/Ki-67/HNF-40. =WT f ge g . 
PV 7 : 
el ee 1200 i Tet-R140Q ae : 
1.2) _« . oF 2 ee 
Eb q 1.0 2 ad : Bs pe ute Ce 3a 
= = 8 30 Q PV “Saxe pease HR 4 pv | oo, 
Fs] a 08 a ale , oS ets * Ns as 
& o6 2 oF aw tee | ee 
= 04 Q 20 K@: : yw : - 
aT 2 02 Ss —Ils = aus 
an) g 10 IDH2A172K 


Tet-R140Q 


Tet-R140Q 


) x 
w) 
ns 2 
?) & 
SS 


b 


wT 
la 
b 


Figure 3 | Mutant IDH inhibits hepatocyte differentiation and quiescence 
of liver progenitors. a, Schematic of DDC study in Tet-R140Q (Tet- 
R140Q;Alb-Cre;Rosa26-LSL-rtTA) and wild-type (WT) littermate controls 
(Alb-Cre;Rosa26-LSL-rtTA). b-f, Livers at day 21. b, Immunoblot (HNF-40(1-6): 
actin is quantified). c, RT-PCR. d, Ki-67 staining. Chart shows Ki-67° cells 
per 20 high-powered fields. e, f, Immunofluorescence analysis. Graph depicts 
mean fluorescence intensity of HNF-4«:4',6-diamidino-2-phenylindole 
(DAPI) (125 cells per group were scored). Inset: X3 magnification of boxed 
regions. a.u., arbitrary units. f, Quantification of Ki-67~ cells co-staining for the 


Serial analyses of wild-type and Tet-R140Q livers revealed compar- 
able numbers of proliferating periductal HNF-4a /CK19~ oval cells at 
1 week, and resolution of this population after 3 weeks (Extended Data 
Fig. 6a, b and Fig. 3e, f). However, Tet-R140Q livers exhibited prom- 
inent induction of proliferating non-periductal cells with hepatocyte 
morphology but reduced or absent HNF-40. expression (HNF-4a~ and 
HNF-40 /CK19_ ), which persisted after 3 weeks (Fig. 3e, fand Extended 
Data Fig. 6a—d). Similar but more tempered phenotypes were seen in 
Tet-R172K mice, consistent with focal transgene expression (Extended 
Data Fig. 6e, f). Thus, mutant IDH specifically blocks restoration of 
hepatocyte differentiation after acute liver injury, leading to aberrant 
proliferation in the hepatic parenchyma. As HNF-4« levels increase in 
liver progenitors undergoing hepatocyte commitment”, these prolif- 
erating HNF-4a-low/absent cells appear to be committed progenitors 
(derived from dedifferentiated hepatocytes or oval cells) whose differ- 
entiation to hepatocytes is subverted by mutant IDH2. The transgene 
was not expressed in SOX9* oval cells, precluding assessment of effects 
on these earlier progenitors. 

We developed an additional transgenic strain (IDH2"’”?*) expres- 
sing human IDH2(R172K) in SOX9" biliary cells but not in hepato- 
cytes (Fig. 3g and Extended Data Fig. 7a, b). These animals displayed 
normal liver histology, gene expression, and proliferation at 3 months 
(Extended Data Fig. 7c and data not shown). However, by 20 months 
of age there was pronounced accumulation of HNF-4a /SOX9* oval 
cells expressing IDH2(R172K) >25 [im away from any bile duct or portal 
structure (zones 2/3) (Fig. 3g). Collectively, our results suggest that mu- 
tant IDH2 abrogates differentiation of adult progenitors (activated spon- 
taneously during ageing or by injury), specifically blocking hepatocyte 
lineage progression. 

These findings are concordant with our observations in hepatoblasts 
and suggest that failed HNF-40 induction could contribute to the liver 
phenotypes caused by mutant IDH in vivo. In this regard, acute Hnf4a 
deletion in hepatocytes is reported to provoke hepatocyte differentiation 
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indicated markers (N = 3 mice per group, 5 high-powered fields per mouse). 
g, Immunohistochemistry (top) and immunofluorescence (bottom) of 
wild-type (Alb-Cre) and IDH2®!°K (Alb-Cre;LSL-IDH2®!”7) livers at 20 
months. Note accumulation of SOX9* cells located >25 jm away from bile 
duct or portal structures (dashed line), which express IDH2(R172K) and 
lack HNF-4«. Inset: 3 magnification. Chart shows quantification. N = 3 mice 
per group; 4 high-powered images per mouse were scored. PV, portal vein. 
Error bars show mean + standard error of the mean (s.e.m.). Scale bars, 20 um 


(d), 50 jum (e, g). 


defects and, upon diethylnitrosamine (DEN) treatment, oval cell 
accumulation and formation of tumours showing HCC and IHCC 
morphology”. To expand upon potential parallels with IDH-mutant 
mice, we characterized these phenotypes in further depth. Importantly, 
the HCC lesions in DEN-treated Hnf4a conditional knockout mice were 
uniformly HNF-40.*, indicating that they arose from cells that escaped 
deletion of the locus (Extended Data Fig. 8a). By contrast, SOX9* oval 
cells and CK19* IHCCs were HNF-4a” and were never observed in 
DEN-treated controls (Extended Data Fig. 8b, c). Thus, HNF-4« abla- 
tion in DEN-treated livers drives progenitor expansion and progression 
specifically to IHCC. These findings establish Hnf4a as an IHCC tumour 
suppressor and are consistent with HNF-4a acting downstream of mu- 
tant IDH in liver growth control. 

The capacity of mutant IDH to silence Hnf4a and impair differenti- 
ation would be expected to confer sensitivity to transformation by addi- 
tional oncogenic lesions. In this regard, IDH and KRAS mutations exist 
concurrently in human IHCC** and acute myeloid leukaemia”. Previ- 
ously, we showed that Kras(G12D) expression in mouse liver causes 
mixed IHCC/HCC with long latency, a phenotype accelerated by TP53 
deletion”®. Intercrossing LSL-IDH2™!”7K, LSL-Kras@!” and Alb-Cre mice 
revealed dramatic oncogenic cooperation, with six out of six Alb-Cre; 
LSL-IDH2"'7SLSL-Kras°?P (IDH2™**;Kras°!?P) animals devel- 
oping poor body condition and palpable liver tumours between 33 and 
58 weeks (mean 47.3 weeks; Fig. 4a). Multifocal liver masses with splenic 
invasion and peritoneal metastases were observed and demonstrated 
to be IHCC by histopathological analysis, CK19 staining, and lack of 
reactivity for the hepatocyte/HCC marker Hep Parl (Fig. 4b). By con- 
trast, only one out of seven Alb-Cre;LSL-Kras@'?? (Kras@!*”) mice sus- 
tained a tumour by 70 weeks (mean survival = 81.6 weeks), and solely 
HCCs were detected (Extended Data Fig. 8d). Tumour 2HG levels in 
IDH2®!77% Kras@!?> mice were comparable to those in IDH-mutant 
human IHCC' (Extended Data Fig. 8e). 
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Figure 4 | Mutant IDH cooperates with 
Kras(G12D) to drive liver progenitor cell 
expansion and multi-step IHCC pathogenesis. 
a, Kaplan-Meier analysis showing time until signs 


of illness necessitated euthanasia. All animals 
euthanized had liver tumours. b, Top left, 
representative IDH2®!,Kras@l2? (Alb-Cre;LSL- 
IDH2!K,1 SL-Kras@??) tumour, and peritoneal 


and spleen metastases (insets). Top right, 
haematoxylin and eosin (H&E) staining showing 
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In humans, IHCC is thought to develop from precursor lesions, in- 
cluding biliary intraepithelial neoplasias*. Aberrant oval cell prolifera- 
tion also precedes liver cancer development in murine models”. Notably, 
inall IDH2®!77%. KrasCl?P mice analysed (N = 6), the adjacent liver ex- 
hibited oval cell expansion and a graded series of biliary intraepithelial 
neoplasia-like lesions, which were SOX9* /CK19*, and expressed the 
IDH2*'” transgene at physiological levels (Fig. 4c and Extended Data 
Figs 9a, b, 10a). Importantly, neither Kras@!?? nor Krag? p53" - 
livers** showed oval cell expansion, and biliary intraepithelial neoplasias 
were found in only two of eight Kras@'??;p53"°"* mice. Thus, IDH2 
(R172K) and Kras(G12D) cooperatively incite activation of hepatic 
progenitors and multistage IHCC progression. 

We present a novel genetically engineered mouse model driven by 
mutant IDH that exhibits the hallmarks of human IHCC. Mutant IDH 
blocks hepatocyte differentiation from progenitors in vitro, and regu- 
lates hepatic regeneration, progenitor cell expansion, and IHCC patho- 
genesis in vivo. Collectively, our findings are consistent with a model 
whereby mutant IDH subverts the HNF-40-mediated hepatocyte differ- 
entiation/quiescence program in proliferating hepatocytes or bipoten- 
tial progenitors, creating a persistent pre-neoplastic state primed for 
transformation by additional oncogenic mutations, and leading to ade- 
nocarcinoma specifically with a biliary phenotype (Fig. 4d). While lineage- 
tracing studies are required to fully define the impact of IDH mutations 
on different liver cell types, this model predicts that IDH-mutant IHCC 
may have progenitor-like features, and that IDH mutations occur early 
in disease pathogenesis as observed in glioblastoma and acute myeloid 
leukaemia**”’. Accordingly, GSEA of human IHCCs revealed that the 
IDH-mutant subset (17/107 cases) have strong enrichment ofa hepatic 
stem cell signature (Extended Data Fig. 10b). 

Defining the biological functions of mutant IDH is of immediate 
importance as IHCCs are resistant to current treatment. Our genetic- 
ally engineered mouse model provides an autochthonous context for 


BilIN II 


IHCC histology. Bottom, the tumour is Hep Parl — 
and CK19* while adjacent hepatocytes stain 

Hep Parl* and CK19 .¢, The livers of 
IDH2"!7K,. Kras@!?P animals exhibit oval cell 
expansion and increasing grades of biliary 
intraepithelial neoplasias (BilIN), which stain 
SOX9*. CK19 levels increase with higher grade 
lesions. Immunofluorescence analysis reveals focal 
accumulation of SOX9* oval cells in IDH2"!”7* 
livers and pronounced oval cell expansion in 
IDH2®'77%.Kras@!2P livers. d, Model for mutant 
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‘co-clinical trials’ to help determine the best way to deploy IDH inhi- 
bitors and identify biomarkers of response, thereby informing clinical 
decision-making in this deadly disease. 


METHODS SUMMARY 

Cell culture. Hepatoblasts were prepared from wild-type mice at embryonic day 
14 and subjected to hepatocyte and bile duct differentiation as described’’. For pro- 
liferation assays, cells were plated in duplicate on collagen-coated or uncoated 6-well 
plates. Cells were trypsinized and counted by trypan-blue exclusion. 

Mice. Mice were housed in pathogen-free animal facilities. Studies were approved 
by the Subcommittee on Research Animal Care at Massachusetts General Hospital 
(protocol 2005N000148). The Tet-R140Q, Tet-R172K and IDH2"'”** transgenic 
mice and other strains are described in Methods. For DDC experiments, mice were 
maintained on 200 pg ml” * doxycycline-containing water. Mice were fed with 0.1% 
DDC-containing chow (F4643, Bio-serv) from days 2-7. Mice were then switched 
to normal chow until harvest. DEN experiments were performed as described”°. 
Statistics. Results are expressed as mean + s.d. unless otherwise specified. Signifi- 
cance was analysed using two-tailed Student’s t-test. A P value of less than 0.05 was 
considered statistically significant. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Dynamic and static maintenance of epigenetic 
memory in pluripotent and somatic cells 


Zohar Shipony'*, Zohar Mukamel!*, Netta Mendelson Cohen’, Gilad Landan!, Elad Chomsky’, Shlomit Reich Zeliger®, 
Yael Chagit Fried*, Elena Ainbinder*, Nir Friedman? & Amos Tanay' 


Stable maintenance of gene regulatory programs is essential for nor- 
mal function in multicellular organisms. Epigenetic mechanisms, and 
DNA methylation in particular, are hypothesized to facilitate such 
maintenance by creating cellular memory’ ~* that can be written dur- 
ing embryonic development” and then guide cell-type-specific gene 
expression’. Here we develop new methods for quantitative inference 
of DNA methylation turnover rates, and show that human embry- 
onic stem cells preserve their epigenetic state by balancing antagon- 
istic processes that add and remove methylation marks rather than 
by copying epigenetic information from mother to daughter cells. In 
contrast, somatic cells transmit considerable epigenetic information 
to progenies. Paradoxically, the persistence of the somatic epigen- 
ome makes it more vulnerable to noise, since random epimutations 
can accumulate to massively perturb the epigenomic ground state. 
The rate of epigenetic perturbation depends on the genomic con- 
text, and, in particular, DNA methylation loss is coupled to late DNA 
replication dynamics. Epigenetic perturbation is not observed in the 
pluripotent state, because the rapid turnover-based equilibrium con- 
tinuously reinforces the canonical state. This dynamic epigenetic 
equilibrium also explains how the epigenome can be reprogrammed 
quickly* and to near perfection’ after induced pluripotency. 

According to the epigenetic persistence model, information on cellular 
state or cellular fate is stored on the chromosomal template and copied 
directly from mother to daughter cells during DNA replication. The par- 
adigm for this model is the replication of symmetrically methylated CpG 
dinucleotides by the mammalian housekeeping methyltrasferase DNMT1 
(refs 10-12). According to an alternative model, epigenetic state is main- 
tained through a dynamic balance between trans-acting factors and cis- 
epigenetic marks, and the maintenance of the state through replication 
is facilitated by the cytoplasmatic and nuclear concentration of the rel- 
evant trans-factors. Recently, the role of DNA methylation in forming 
epigenetic memory through persistent or dynamic mechanisms has been 
re-evaluated, given the characterization of pathways leading to active 
demethylation through hydroxylation (most notably in embryos or embry- 
onic stem (ES) cells'*'*) and given observations suggesting the methy- 
lation state within cell populations is very heterogeneous and possibly 
noisy’. 

To distinguish these memory models and quantify their relative con- 
tribution, we combined unique molecular identifiers (UMIs) with reduced 
representation bisulphite sequencing’*"” (UMI-bis; Extended Data Fig. 1a-i), 
thereby facilitating truly quantitative profiling of DNA methylation pat- 
tern distributions within cell populations. UMI-bis of ES cells and somatic 
fibroblasts populations reconfirmed the well-documented bipolar (on- 
off) average methylation landscape in these cellular states (Extended Data 
Fig. 2a—c). The intrapopulation methylation distributions reconstructed 
were, however, distinct. ES cells show more rare methylation patterns 
(which we define as noise) in loci that are dominated by methylated pat- 
terns. Fibroblasts, on the other hand, show fewer rare patterns, but more 


cases of loci that are dominated by a specific partially methylated pat- 
tern (Extended Data Fig. 2d-h). These observations suggested that the 
DNA methylation dynamics, and more generally the mechanisms for 
transmitting epigenetic memory, are fundamentally different between 
ES cells and fibroblasts. 

To quantify DNA methylation dynamics in ES cells we implemented 
an (epi)mutation accumulation approach’. We generated clonal cell pop- 
ulations (n = 5 X 10*-2 X 10°) and assayed their methylation distribu- 
tions while considering their defined single (for H1 male X chromosome) 
or double (for all other chromosomes) epiallelic origin. We reasoned that 
given the heterogeneity of the polyclonal ES-cell methylome, it would 
be easy to detect any trace of epigenetic persistence in this system by 
observing rare patterns in the population that become common (that 
is, approaching 50% of the data) in one of the clones. Despite this expec- 
tation, the frequencies of the most common pattern in each of our clonal 
populations (Fig. 1a and Extended Data Fig. 2i) showed perfect corres- 
pondence with their frequencies in the matched polyclonal population. 
We next clustered loci according to the frequencies of their unmethy- 
lated, methylated and partially methylated patterns, as well as according 
to their total frequency of rare patterns (noise) (Extended Data Fig. 3). 
We grouped clusters into nine classes according to average methylation. 
As shown in Fig. 1b, classes I-III comprise unmethylated loci and consist 
of homogeneous clusters that differ only in the frequency of rare pat- 
terns. These clusters reflect no notable distinction between clonal and 
non-clonal populations but do indicate that the level of methylation noise 
is a conserved property that can be reconstituted quickly after single-cell 
cloning. Loci in classes I and II show low noise and are typically found 
at promoters of active transcription start sites, while class III loci show 
high noise and are correlated with H3K27me3 occupancy (and, to a lesser 
extent, enhancer regions) (Fig. 1c). 

In marked contrast to ES cells, the most frequent methylation patterns 
observed in clonal fibroblast populations often show up as rare patterns 
in the matching polyclonal population (Fig. 1d and Extended Data Fig. 2)), 
suggesting that fibroblasts retain a considerable amount of clonal epi- 
genetic memory. Clustering of genomic loci according to the distribu- 
tion of methylation patterns in six clones and the matched polyclonal 
population supports this idea (Fig. le) by identifying six clusters (class 
III) that are dominated by two epialleles in one clone (one unmethylated, 
the other partially methylated), but are symmetrically unmethylated in 
the population and all other clones. Also identified are groups of sites 
with low and medium levels of noise (classes I and II), as observed in ES 
cells, but not a cluster with high noise level. Furthermore, annotation of 
the observed low methylation clusters indicates that class III fibroblast 
loci are enriched with H3K27me3 marks in ES cells (Fig. 1f). As shown 
earlier, these regions are precisely those defined by high noise levels in 
ES cells. In conclusion, low methylation loci in ES cells are maintained 
without direct evidence for clonal memory, showing variable levels of 
noise that are correlated with their epigenetic context. Fibroblasts do not 
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Figure 1 | Clonal memory and rapid turnover at low-methylation loci. 

a, For each locus, the UMI-bis-derived frequency of the most abundant 
methylation pattern in one clonal H9 ES-cell population (y-axis) is compared 
to the frequency of the same pattern in the matching polyclonal population 
(x-axis). Clonal memory should theoretically be identified as off-diagonal cases 
in which high clonal frequency is observed for patterns with low polyclonal 
frequencies. b, We define the methylation distributions of each locus in H9 and 
H1 polyclonal populations and three clonal populations (A, B and C) using 
the frequencies of the unmethylated (Unmeth.), methylated (Meth.) and 
partially methylated common (Common partial) patterns (if they exist). 


show high methylation noise at H3K27me3-linked regions, and spora- 
dic, initially rare methylation in these regions is clonally transmitted. 
Interestingly, even though this noise propagation process is slow and 
does not change average methylation at the affected loci immediately, it 
is associated with a remarkable predisposition for developing hyper- 
methylation in cancer cells and tumours'’””° (Fig. 1). 

Clusters of loci with high average methylation in clonal and non-clonal 
ES-cell populations showed that clonal epigenetic memory is not detect- 
able in these regions (Fig. 2a), as observed for loci with low average meth- 
ylation. In contrast, analysis of fibroblast data identified six groups of 
loci in which one clone replaced up to 50% of the methylated patterns 
with a partially methylated pattern (Fig. 2b, class VI), apparently mem- 
orizing a randomly selected partially methylated epiallele in the found- 
ing single cell. Also identified are groups of sites (Fig. 2b, class IV) in which 
one or more clones regain high frequency of the methylated pattern in 
place of a partially methylated pattern that is observed at around 50% 
in all other clonal and polyclonal populations. These dynamics suggest 
that loci with intermediate methylation in fibroblasts emerged in many 
cases through multiple independent and clonally transmitted epimu- 
tations that erode an initial perfectly methylated state. Indeed, loci with 
average methylation of 30-70% in fibroblasts (but not ES cells) show 
much greater variability between clones than within them (Fig. 2c), as 
measured by intra- and interclonal epipolymorphism. This observation 
suggests that intermediate methylation loci are dominated by a different 
pattern in each single cell and that the progenies of each such cell main- 
tain this pattern while adding some additional noise to it. Clusters of 
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The total frequency of rare patterns defines the locus epigenetic noise. Shown 
here are clusters with low average methylation and variable (yet consistent) 
noise levels (classes I-III). c, Boxplots show the genomic enrichments of loci 
within the methylation pattern classes. Also shown are average methylation 
levels in three cancer cell lines. d, distance from genomic feature. BG, 
background d-f, Analogous to a—c, but using data from six clonal somatic 
fibroblasts populations (A-F). h, human; N, non-clonal. For boxplots, boxes 
span the data interquartile range (ICR, between the 1st and 3rd quartile); 
whiskers span the data range but extend no more than 1.5 of the ICR above and 
below the box; outliers (if present) are omitted. 


intermediate methylation loci in fibroblasts (Fig. 2e, classes VII and VIII) 
show that methylation ina large fraction of these sites is distributed over 
a large number of patterns that are observed at a high frequency in at least 
one clone (numbered 1-6 in Fig. 2e). Loci with intermediate methylation 
in ES cells (Fig. 2d) are generally rare, and do not reflect such behaviour. 
In conclusion, the methylation dynamics at intermediate methylation 
regions in fibroblasts demonstrate how clonal persistence and epimuta- 
tions can together promote the emergence of epigenetic heterogeneity. 

Epigenomic annotation of high- and intermediate-methylation clus- 
ters suggested that persistent loci in methylated regions, and partially 
methylated regions in general, are enriched in large epigenomic domains 
that replicate late in S phase (Fig. 2f) or are lamina associated”’”* (Extended 
Data Fig. 4). Interestingly, the persistent dynamics of DNA methylation, 
as detected in the clonal analysis of the fibroblast system, are correlated 
with pronounced variability in the DNA methylation content in different 
cancer cell lines (Fig. 2g). To further explore this variability, we generated 
single-cell clonal populations from human HepG2, MCF7 and K5é2 cells. 
In all of these systems we observed notable clusters showing persistent 
clonal methylation. The data suggest that in MCF7 cells, a shift towards 
a regime favouring methylation gain over loss gives rise to near complete 
methylation of regions that are heterogeneous in fibroblasts. The oppo- 
site regime gives rise to global loss of methylation at the same regions in 
the K562 cell line. HepG2 cells maintain a similar balance to fibroblasts 
(Fig. 2g and Extended Data Figs 5, 6). These observations support a model 
in which methylation state is determined by the balance between stochastic 
processes of gaining and losing methyl marks, and this balance can change 
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Figure 2 | Clonal memory and the emergence of a heterogeneous 
methylation distributions. a, ES-cell pattern clusters of loci with high 
methylation average, displayed as in Fig. 1b. b, Fibroblasts pattern clusters of 
loci with high average methylation. c, Density map comparing intraclonal and 
interclonal epipolymorphism (q) for fragments with sufficient coverage in 

ES cells (left) and fibroblasts (right). d, Pattern clusters for regions with 
intermediate average methylation in ES cells. Patterns 1-6 represent, for 

each locus, all common partial patterns that could be found in the clonal 
populations. M, methylated; UnM, unmethylated. e, Similar to d, showing 


ina cell-type specific fashion. Analysis of primary mouse CD8” T cells 
(Extended Data Fig. 7a—e) shows that, much like in human fibroblasts, 
persistent unmethylated loci in mouse T cells are enriched with poly- 
comb occupancy in mouse ES cells, and that a large group ofloci develop 
heterogeneous methylation distributions at late replicating, repressive 
domains. A similar observation is derived from analysis of methylation 
loss in adult human tissues compared to ES cells (Extended Data Fig. 7f, g). 

Relying on the relative stability of the methylation landscapes in non- 
ES-cell populations, we next developed an algorithm for probabilistic 
inference of the ancestral methylation states of the two epialleles found- 
ing the population at each locus, and the series of methylation gain and 
loss events that transform these epialleles into those observed in the clonal 
population (Extended Data Fig. 8). This approach enabled estimation 
of methylation gain and loss rates across the genome. By pooling data 
from the fibroblast clones we inferred gain and loss rates around active 
gene promoters (Fig. 3a) and enhancers (Fig. 3b)”***, supporting the exis- 
tence ofa dominant process of methylation loss in these hypomethylated 
regions. A more complex behaviour was observed on well-organized 
nucleosome arrays that are anchored by CTCF binding (Fig. 3c)*°, where 
fluctuating rates of methylation gain and loss rates are correlated with 
nucleosome occupancy and fluctuating average methylation levels. Impor- 
tantly, gain and loss rates are not a simple function of average methyla- 
tion in these regions, and higher or lower overall turnover rates can be 
observed in regions with similar average methylation. This suggests that 
the balance between these rates, and not their absolute intensity, is what 
defines methylation average in the long run. 

We next performed global stratification analysis to understand the 
relationships between methylation turnover and replication time, lamina 


Pattern frequency 


fibroblast data. f, The boxplots show the distributions of replication time for 
loci classified according to the methylation distributions shown above. 

g, The boxplots show the distributions of average methylation in ES cells 
(ESCs), fibroblasts and cancer cell lines for loci classified according to the 
fibroblast pattern classes. For boxplots, boxes span the data interquartile range 
(ICR, between the 1st and 3rd quartile); whiskers span the data range but extend 
no more than 1.5 of the ICR above and below the box; outliers (if present) 
are omitted. 


association, and nucleosome occupancy”*”*”° (Fig. 3d). This analysis 
showed that methylation loss rates are remarkably dependent on rep- 
lication time, but not on lamina or nucleosome occupancy. In contrast, 
methylation gain rates are positively correlated with nucleosome occu- 
pancy, and are also (independently) stronger in lamina-associated sites. 
Inference of turnover rates from additional fibroblast clonal populations 
sampled at three consecutive time points confirmed the robustness of 
the turnover estimates (Extended Data Fig. 9a—e). Turnover rate ana- 
lysis of K562 cells (Extended Data Fig. 9d) demonstrated much weaker 
lamina- and nucleosome-dependent gain rates in these cells, but also indi- 
cated very similar trends associated with methylation loss rates. 
Finally, we screened the H9 ES-cell (XX karyotype) methylome for pat- 
tern distributions showing high methylation variance, aiming to explore 
the methylation dynamics in regions that are not dominated by com- 
plete ES-cell methylation or a complete lack of it. This resulted in 417 
regions on the X chromosome and 281 regions on autosomes. Such high 
pattern variance can be explained by conserved allele-specific methy- 
lation (differential methylation of chromosomes within the same cell), 
a subpopulation structure (differential methylation of both chromo- 
somes in a subpopulation), or by more specific dynamics that generate 
fluctuations between an ‘open’ and ‘closed’ chromatin state at particular 
chromosomal regions, driving rapid demethylation and remethylation, 
respectively (Extended Data Fig. 10a—c). Further analysis of high-variance 
X-linked loci showed that these are highly conserved in clonal populations 
(Fig. 4a), indicating likely monoallelic methylation on the inactive X that 
is conserved at the single-cell level and therefore maintained in clones. 
On the other hand, autosomal high-variance loci were less conserved 
clonally (Fig. 4a), suggesting that in addition to classical monoallelic 
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Figure 3 | Turnover rates are correlated with local epigenomic context. 
a-c, Shown are rates of methylation gain and loss that were estimated by 
pooling data from six clonal populations and stratifying on the basis of genomic 
context. Also shown are average methylation (Avg. meth.) and average 
nucleosome occupancy on the same sites. d, Shown are methylation gain and 
loss rates stratified according to nucleosome occupancy (light blue, depleted; 
blue, occupied), time of replication (x-axis of each panel), and nuclear lamina 
interaction (different panels organized from low (left) to high (right)). 


methylation, some H9 loci may be explicable by the existence of differ- 
entially methylated subpopulations and/or fluctuating chromosomal 
loci (Fig. 4b and Extended Data Fig. 10d, f). Similar analysis of fibro- 
blast high-variance loci (199 X-linked and 127 autosomal) suggested per- 
fect clonal maintenance of high-variance loci at both the X chromosome 
and autosomes (Fig. 4c and Extended Data Fig. 10f-h). Despite consid- 
erable methylation turnover rates, cells are capable of preserving a clear 
epigenetic distinction between alleles at these sites. We hypothesize that 
this can be achieved by propagating methylated and unmethylated patterns 
in a semi-faithful manner while relying on the larger-scale epigenomic 
context (for example, active/inactive X, active/inactive promoter, early/ 
late replication) to correct errors and maintain the monoallelic state. 
We studied the distributions of methylation patterns in clonal and 
matched polyclonal ES-cell populations to show that, in the pluripo- 
tent state, epigenomes are well organized and highly stable despite (or 
perhaps owing to) high DNA methylation turnover rates. ES cells show 
little if any evidence for direct transmission of clonal methylation mem- 
ory. Such rapid epigenomic turnover processes can converge into a highly 
specific stationary methylation distribution within one or a few cell cycles, 
providing an explanation for the near perfect epigenomic reprogram- 
ming seen after induction of pluripotency genes*. This dynamic regime 
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population. avg. meth., average methylation; Chr, chromosome. b, Shown are 
methylation patterns observed for the H19 imprinting control locus (stable 
biallelic), and the PCDHGC3 and LCNL1 loci (non-stable biallelic) c, Similar to 
a but for clonal and polyclonal fibroblast populations. 


also suggests that the inherently transient methylation state of pluripo- 
tent cells in vivo’ may be unstable by design, and highlights the importance 
of characterizing the differences between such transient in vivo states 
and the long-term ES-cell models. 

In contrast to ES cells, human fibroblasts, as well as three different 
human cancer cell lines and primary CD8* mouse T cells show consid- 
erable clonal methylation memory. Turnover rates in clonal somatic 
populations are sufficiently low to allow phylogenetic reconstruction of 
the methylome of the founding single cell. This allows for detailed analysis 
of the methylation dynamics underlying the gradual loss of epigenomic 
homogeneity that is observed at markedly variable rates in different geno- 
mic contexts. We propose that a model combining clonal transmission 
of methylation patterns with slow but highly context-specific turnover 
rates can provide a unified explanation for the emergence of broad hyp- 
omethylated domains in late replicating regions”, the accumulation 
of hypermethylation in polycomb-bound CpG islands’, and the gen- 
eral age-coupled accumulation of methylation noise in many tissues. 
Although our quantitative turnover estimations are based on cell cul- 
ture experiments, genome-wide methylation analysis in adult tissues 
suggests that in vivo dynamics converge to similar distributions and are 
thereby likely to be governed by similar principles. 

More broadly, our analysis motivates further development of strat- 
egies for studying epigenomic organization as a dynamic property of 
populations of single cells. This may be essential for understanding the 
complex interactions between trans-acting factors, DNA methylation, 
chromatin modifications and chromosomal architectures, which con- 
tribute together and non-hierarchically to form and modify epigenetic 
memory in development and disease. 


METHODS SUMMARY 


UMI-bis reduced representation bisulphate sequencing was performed using a library 
of barcoded plasmids ligated to MspI fragmented DNA, and following an amended 
reduced representation bisulphite sequencing procedure. See Methods for additional 
details on UMI-bis and the cell growth protocols used. Processing of sequencing 
data and inference of pattern distributions and dynamics was performed by iden- 
tifying groups of CpG sites with adequate common coverage (>20%) in sequenc- 
ing libraries, inference of pattern frequencies per clonal or polyclonal population, 
and approximated sampling of the coalescence structures of such patterns (repre- 
senting epialleles) within an exponentially growing population. This provided suf- 
ficient statistics for estimating rates of methylation gain and loss per CpG, with rate 
estimation becoming robust as more clones and/or more loci were pooled together. 
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Saturation editing of genomic regions by multiplex 


homology -directed repair 


Gregory M. Findlay'*, Evan A. Boyle'*, Ronald J. Hause’, Jason C. Klein' & Jay Shendure! 


Saturation mutagenesis'?—coupled to an appropriate biological 
assay—represents a fundamental means of achieving a high-resolution 
understanding of regulatory’ and protein-coding* nucleic acid se- 
quences of interest. However, mutagenized sequences introduced 
in trans on episomes or via random or “safe-harbour” integration 
fail to capture the native context of the endogenous chromosomal 
locus’. This shortcoming markedly limits the interpretability of the 
resulting measurements of mutational impact. Here, we couple CRISPR/ 
Cas9 RNA-guided cleavage® with multiplex homology-directed repair 
using a complex library of donor templates to demonstrate saturation 
editing of genomic regions. In exon 18 of BRCA1, we replace a six- 
base-pair (bp) genomic region with all possible hexamers, or the full 
exon with all possible single nucleotide variants (SNVs), and measure 
strong effects on transcript abundance attributable to nonsense- 
mediated decay and exonic splicing elements. We similarly perform 
saturation genome editing of a well-conserved coding region of an 
essential gene, DBR1, and measure relative effects on growth that 
correlate with functional impact. Measurement of the functional 
consequences of large numbers of mutations with saturation genome 
editing will potentially facilitate high-resolution functional dissec- 
tion of both cis-regulatory elements and trans-acting factors, as well 
as the interpretation of variants of uncertain significance observed 
in clinical sequencing. 

Functional consequences of genetic variants are best studied by ma- 
nipulating the endogenous locus, which provides the native chromo- 
somal context with respect to DNA sequence and epigenetic milieu, and 
for proteins, endogenous levels and patterns of expression’. Program- 
mable endonucleases, for example, zinc-finger nucleases (ZFNs), tran- 
scription activator-like effector nucleases (TALENSs) or clustered regularly 
interspaced short palindromic repeat (CRISPR)/Cas-based RNA-guided 
DNA endonucleases, enable direct genome editing with increasing 
practicality®. However, genome editing has primarily been applied to 
introduce single changes to one or a few genomic loci’, rather than many 
programmed changes to a single genomic locus. 

We sought to leverage CRISPR/Cas9*"""' to introduce saturating sets 
of programmed edits to a specific locus via multiplex homology-directed 
repair (HDR). We first targeted six bases ofa BRCA1 exon’’. We cloned 
an HDR library containing random hexamers substituted at positions 
+5 to +10 of BRCAI exon 18 and fixed, nonsynonymous changes at 
positions + 17 to +23 (asa ‘handle’ for selective PCR and to prevent re- 
cutting’’ by destroying the protospacer adjacent motif (PAM)) (Fig. 1a; 
Supplementary Table 1). We co-transfected pCas9-sgBRCA1x18 and 
the HDR library into ~800,000 HEK293T cells, achieving 3.33% HDR 
efficiency. We performed two independent transfections with the same 
HDR library (‘biological replicates’ 1, 2), and cells were split on day 3 
(‘D3 replicates’ a, b). 

We prepared genomic DNA (gDNA) and complementary DNA 
(cDNA) from bulk cells on D5. PCR reactions were primed on the ‘han- 
dle’ uniquely present within successfully edited genomes. Amplification 
was observed in HDR library/pCas9-sgBRCA1x18-transfected samples, 
but not in HDR library-only controls. Amplicons derived from gDNA 


and cDNA were deeply sequenced (Fig. 1a). The relative abundances 
of hexamers within replicates and the correlation between the HDR 
library and edited gDNA were consistent with limited “bottlenecking’ 
during transfection and minimal influence ofhexamer identity on HDR 
efficiency (Extended Data Figs 1 and 2). 

We estimated the effect of introducing each hexamer to these geno- 
mic coordinates on transcript abundance by calculating enrichment scores 
(cDNA divided by gDNA counts, calibrated to wild type). These enrich- 
ment scores were well correlated between biological replicates (Fig. 1b, la 
vs 2a: R = 0.659) and between D3 replicates (Extended Data Fig. 2c; la 
vs 1b: R = 0.662). When we pooled read counts from D3 replicates, cor- 
relation between biological replicates improved (Extended Data Fig. 2d; 
1 vs 2: R= 0.706). 

To maximize precision (see Supplementary Note 1 for discussion of 
reproducibility), we merged data across all four replicates for 4,048 he- 
xamers (Fig. 1c; Supplementary Table 2). Several results support the 
biological validity of the resulting enrichment scores. First, as anticipated 
by nonsense-mediated decay (NMD), hexamers introducing stop codons 
were associated with markedly reduced mRNA levels (Fig. 1c; Wilcoxon 
rank sum test (WRST) P = 9.7 X 10” °*; median for nonsense hexamers 
12-fold below overall median). Second, previous studies measured hex- 
amer influence on splicing at analogous coordinates of different exons 
via a plasmid minigene assay'*. Despite these contextual differences, the 
strongest exonic splicing silencers (ESSs) (bottom 2% in ref. 14) scored 
ninefold below median (Fig. 1c; WRST P = 2.0 X 10 *4), the strongest 
exonic splicing enhancers (ESEs) (top 2% in ref. 14) scored 1.5-fold above 
median (Fig. 1c; WRST P = 2.4 X 10- My. and the complete data sets cor- 
related reasonably well (Extended Data Fig. 3a; p = 0.524). We also ob- 
served correlation between G+C content and enrichment scores (Extended 
Data Fig. 3b), strongest for bases most proximal to the splice junction, con- 
sistent with a posited role for G+C content in the stability of splicing 
structures’® (although reverse transcription bias is a potential confounder). 

We next sought to assay the effects of SNVs across the full 78 base 
pairs of BRCA1 exon 18 (Extended Data Fig. 4). We cloned three HDR 
libraries with selective PCR sites in either the 5’ or 3’ region and 3% 
doping’® (97(WT):1:1:1) in the other half of the exon (L: 5’ degeneracy, 
3’ nonsynonymous selective PCR site; R: 3’ degeneracy, 5’ nonsynon- 
ymous selective PCR site; R2: 3’ degeneracy, 5’ synonymous selective PCR 
site) (Supplementary Table 1). Five days post-transfection with pCas9- 
sgBRCA1x18 (1.02-1.29% HDR efficiency), we selectively amplified 
and deeply sequenced gDNA and cDNA. 

Using data from all edited exons with = 1 mutation and = 10 gDNA 
counts, we estimated effect sizes of all possible SNVs using a weighted 
linear model. Estimated effect sizes were reproducible (R = 0.846 (R), 
0.853 (R2), and 0.686 (L); Fig. 2a, Extended Data Figs 5 and 6, Sup- 
plementary Table 3). Effect sizes for the same SNVs interrogated with 
different selective PCR strategies (R vs R2) were also well correlated 
(R = 0.847; Fig. 2b). 

The estimated effect sizes reflect empirically measured changes in 
transcript abundance resulting from programmed edits (Fig. 2c). As ex- 
pected with NMD, nonsense mutations reduced transcript abundance 
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Figure 1 | Saturation genome editing and multiplex functional analysis of a 
hexamer region influencing BRCAI splicing. a, Experimental schematic. 
Cultured cells were co-transfected with a single Cas9-sgRNA construct 
(CRISPR) and a complex homology-directed repair (HDR) library containing 
an edited exon that harbours a random hexamer (blue, green, orange) and a 
fixed selective PCR site (red). CRISPR-induced cutting stimulated homologous 
recombination with the HDR library, inserting mutant exons into the genomes 
of many cells. At five days post-transfection, cells were harvested for gDNA 


Rank-ordered hexamers 


and RNA. After reverse transcription, selective PCR was performed followed by 
sequencing of gDNA- and cDNA-derived amplicons. Hexamer enrichment 
scores were calculated by dividing cDNA counts by gDNA counts. 

b, Correlation of enrichment scores between biological replicates for hexamers 
observed in each experiment with positions of previously identified'* exonic 
splicing enhancers (ESEs), exonic splicing silencers (ESSs) and stop codons 
indicated. c, Rank-ordered plot of enrichment scores with positions of ESEs, 
ESSs and stop codons indicated. 
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Figure 2 | Multiplex homology-directed repair reveals effects of single 
nucleotide variants on transcript abundance. Three separate HDR libraries 
(R, R2, and L) containing a 3% mutation rate (97% WT, 1% each non-WT base) 
in either half of BRCA1 exon 18 were introduced to the genome via co- 
transfection with pCas9-sgBRCA1x18. Enrichment scores were calculated for 
each haplotype observed at least 10 times in gDNA sequencing, and effect sizes 
of SNVs were determined by weighted linear regression modelling. ‘Sense’ 
includes both missense and synonymous SNVs. a, Effect sizes calculated from 
replicate transfections of HDR library R, consisting of a 3% per-nucleotide 
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mutation rate in the 3’-most 39 bases and the same selective PCR site used in 
Fig. 1, were highly correlated (R = 0.846). b, Library R2 harboured a selective 
PCR site composed of 5 synonymous changes, none of which are present in 
library R. When effect sizes derived from experiments with library R2 were 
plotted against those from library R, there was a strong correlation (R = 0.847), 
indicating reproducibility and demonstrating that differences between selective 
PCR sites did not strongly influence scores. c, Effect sizes for SNVs across the 
exon are displayed. Data sets from libraries R and L were combined to span 
the entire exon. Dashed lines represent SNVs that introduce nonsense codons. 
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Figure 3 | Saturation genome editing and multiplex functional analysis at 
an essential gene, DBR1, in Hap] cells. An HDR library targeting a highly 
conserved region of DBR1 exon 2 was used with pCas9-EGFP-sgDbr1x2 to 
introduce point mutations across 75 bp and all possible codon substitutions at 
three residues believed to participate at the enzyme’s active site. a, Sequencing 
of gDNA from the HDR library and populations of edited cells at D5, D8 
and D11 reveals selection for synonymous mutations, and depletion of 
frameshift, nonsense and missense variants. b, Mean D11 enrichment scores 
are plotted as line segments for SNVs in the 3'-most 73 bases of exon 2 and 
two bases of intron 2. Above the enrichment scores in ascending order are the 
WT nucleotide at each position, each 1-bp genome edit, the wild-type amino 


(WRST P= 1.4 X 10 *°°; 5.6-fold below median). Additionally, sev- 
eral missense and synonymous SNVs reproducibly resulted in large 
reductions in transcript abundance, and SNV effect sizes correlated with 
a predictive model for exonic variants that disrupt splicing” (p = 0.322; 
Extended Data Fig. 7a). Because HDR with library L does not destroy the 
PAM, we calculated enrichment scores for indels from non-homologous 
end-joining (NHEJ). As expected with NMD, only frameshifting indels 
were associated with large depletions (Extended Data Fig. 7b, c). 

To further demonstrate this method, we targeted a well-conserved 
region of DBR1, the RNA lariat debranching enzyme, which scored highly 
in a genome-wide screen for essentiality'* (Extended Data Fig. 8). We 
used array-synthesized oligonucleotides to program a DBR1 HDR li- 
brary to include the wild-type sequence and every possible SNV across 
75 bp (73 3'-most bases of exon 2 and first two bases of intron 2), and 
also all 63 possible codon substitutions at three residues (388 genome 
edits were programmed; single base deletions were abundant from syn- 
thesis errors). The HDR library also introduced two fixed synonymous 
changes (to disrupt the PAM and prevent re-cutting”*) and a selective 
PCR site in intron 2. 

An optimized single-guide RNA (sgRNA) sequence’*”? was cloned 
into a bicistronic sgRNA/Cas9-2A-EGFP vector (pCas9-EGFP-sgDbr1x2). 
Five million haploid human cells”! (Hap1) were co-transfected with the 
DBR1 HDR library and pCas9-EGFP-sgDbr1x2. On D2, ~250,000 en- 
hanced green fluorescent protein-positive (EGFP*) cells were sorted 
by fluorescence-activated cell sorting (FACS) and further cultured, tak- 
ing samples on D5, D8 and D11 (1.14% HDR efficiency, estimated on 
D8). Following gDNA isolation and selective PCR, deep sequencing was 
performed to quantify the relative abundance of edited haplotypes in 
each sample. 

We first examined the relative proportions of mutation classes at each 
time point (Fig. 3a). The strong enrichment of synonymous mutations 
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acid (AA), and the AA derived from each genome edit (asterisk indicates a stop 
codon). Segment colour indicates mutation type, faded segments indicate 
discordant effects between replicates, and AAs are coloured according to the 
Lesk colour scheme (orange, small nonpolar; green, hydrophobic; magenta, 
polar; red, negatively-charged; blue, positively charged). The first nine bases 
shown correspond to the active site residues. c, D8 (top) and D11 (bottom) 
amino acid level enrichment scores were calculated for active site residues 
N84, H85, E86 after excluding discordant observations between replicates 
(Extended Data Fig. 10c). On both D8 and D11 we observe strong selective 
effects and tolerance of only synonymous (green boxes) and a few missense 
variants. 


and depletion of nonsense and frameshifting mutations over time indi- 
cated that selection was acting on edited cells in culture, consistent with 
DBR1essentiality. We calculated enrichment scores (D8 or D11 counts 
divided by D5 counts) for 365 of the 388 (94%) programmed edits and 
12 single base deletions (the subset with relative abundance >5 X 10° 
on D5) (Fig. 3b; Extended Data Fig. 9; Supplementary Table 4). Enrich- 
ment scores strongly correlated with functional consequence. The median 
enrichment score for synonymous edits was nearly identical to wild- 
type (1.006-fold lower), but 73-fold lower for missense edits (P = 1.7 
x 107°; WRST against synonymous edits), 207-fold lower for nonsense 
edits (P = 1.9 X 10°), and 211-fold lower for frameshifting single base 
deletion edits (P = 1.5 X 10° 8). Furthermore, enrichment scores for SNVs 
were inversely correlated with metrics of predicted deleteriousness like 
CADD” (p = —0.295; P = 1.2 X 10°; Extended Data Fig. 10a, b). Res- 
idues N84, H85 and E86 of DBR1 were edited to all 63 possible non- 
wild-type codons. Consistent with their predicted role in the active site 
of an essential enzyme”’, only synonymous mutations and a few mis- 
sense substitutions were tolerated (Fig. 3c). 

Amino acid level enrichment scores were well correlated between 
D11 biological replicates (R = 0.752; P = 2.6 X 10° *°; Extended Data 
Fig. 10c), and were bimodally distributed in each replicate, allowing broad 
classification of changes as tolerated or deleterious. The small propor- 
tion of discordantly classified variants might be explained by Hap] re- 
version to diploidy or off-target effects, highlighting the importance of 
biological replicates for this experimental design (Supplementary Note 1). 
Notably, there were no reproducibly tolerated nonsense or frameshift- 
ing edits. Overall, these data support the conclusion that our empir- 
ically derived enrichment scores reflect true biological effects of specific 
genomic point mutations within DBR1. 

We demonstrate that it is feasible to generate and functionally ana- 
lyse hundreds to thousands of programmed genome edits at a single 


©2014 Macmillan Publishers Limited. All rights reserved 


locus in a single experiment. We emphasize three major limitations of 
the method as it stands. First, we only introduced programmed edits to 
the immediate vicinity of coordinates targeted by the endonuclease (Ex- 
tended Data Figs 5a and 9a), and the narrow window associated with 
HDR mechanisms in mammalian cells** may fundamentally limit the 
size of the region that can be subjected to multiplex editing in one exper- 
iment. Saturation genome editing ofa full gene—for example, to measure 
functional consequences ofall possible variants of uncertain significance— 
will require multiple experiments tiling along its exons. 

Second, only a small proportion of cells were successfully edited in 
each experiment, bottlenecking complexity, limiting reproducibility (Sup- 
plementary Note 1), and necessitating the selective PCR site. Looking 
forward, a variety of techniques, for example, transient hypothermia” 
or oligonucleotide-based HDR”, may improve editing efficiency. Con- 
sistent with this, we note that ZFNs and TALENs have demonstrated 
efficiencies up to 50% in some studies”””*. Also, although the low ed- 
iting efficiency necessitated using haploid cells for DBR1 mutagenesis, 
this could potentially have been performed in diploid cells by knock- 
ing out one allele via NHEJ and then knocking in the HDR library to 
the other allele. 

Finally, the development of functional assays that are biologically 
relevant and technically viable remains a challenge. Here, we exploited 
strategies that directly linked genotype to phenotype—for example, tar- 
geted RNA sequencing to measure transcript abundance or targeted 
DNA sequencing to measure reduced cellular fitness. Analogous ap- 
proaches can be taken in other contexts—for example, targeted chro- 
matin immunoprecipitation-sequencing (ChIP-seq) of co-activators 
to assay enhancers, increased cellular growth rate to assay cancer dri- 
vers or drug resistance”’, or FACS-based phenotypic sorting for cellular 
assays more generally”? (Supplementary Note 2). 

There is a strong demand for techniques that accurately and scalably 
measure mutational consequences, and a dearth of experimental data 
measuring distributions of effect sizes or corresponding to direct ma- 
nipulation of the genome. By multiplexing both the introduction and 
assaying of mutations in their native context, we anticipate that satura- 
tion genome editing will accelerate our ability to measure and interpret 
the functional consequences of genetic variation. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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High-resolution structure of the human GPR40 
receptor bound to allosteric agonist TAK-875 


Ankita Srivastava'*, Jason Yano, Yoshihiko Hirozane’, Georgia Kefala!, Franz Gruswitz't, Gyorgy Snell!, Weston Lane’, 
Anthony Ivetac', Kathleen Aertgeerts't, Jasmine Nguyen'}, Andy Jennings! & Kengo Okada’ 


Human GPR40 receptor (hGPR40), also known as free fatty-acid 
receptor 1 (FFAR1), is a G-protein-coupled receptor that binds long- 
chain free fatty acids to enhance glucose-dependent insulin secretion’. 
Novel treatments for type-2 diabetes mellitus’ are therefore possible 
by targeting hGPR40 with partial or full agonists. TAK-875, or fasig- 
lifam, is an orally available, potent and selective partial agonist’ of 
hGPR40 receptor, which reached phase III clinical trials for the poten- 
tial treatment of type-2 diabetes mellitus*. Data from clinical studies 
indicate that TAK-875, which is an ago-allosteric modulator of hGPR40 
(ref. 3), demonstrates improved glycaemic control and low hypogly- 
caemic risk in diabetic patients’. Here we report the crystal structure 
of hGPR40 receptor bound to TAK-875 at 2.3 A resolution. The co- 
complex structure reveals a unique binding mode of TAK-875 and 
suggests that entry to the non-canonical binding pocket most prob- 
ably occurs via the lipid bilayer. The atomic details of the extensive 
charge network in the ligand binding pocket reveal additional inter- 
actions not identified in previous studies and contribute to a clear 
understanding of TAK-875 binding to the receptor. The hGPR40- 
TAK-875 structure also provides insights into the plausible binding 
of multiple ligands to the receptor, which has been observed in radi- 
oligand binding® and Ca** influx assay studies*. Comparison of the 
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Figure 1 | Structure of hGPR40 in complex with the partial agonist TAK- 
875. a, The conserved seven transmembrane helical bundle fold is represented 
as rainbow ribbons while TAK-875, bound between transmembrane helix 
(TM) 3 and transmembrane helix 4, is shown as a stick model (carbon, green; 
sulphur, yellow; oxygen, red). T4L, inserted between transmembrane helix 5 
and transmembrane helix 6, is illustrated schematically. b, Extracellular view of 


transmembrane helix architecture with other G-protein-coupled 
receptors suggests that the crystallized TAK-875-bound hGPR40 
complex is in an inactive-like state. 

Human GPR40 binds free fatty acids and is primarily localized in 
pancreatic B-cells and intestinal enteroendocrine cells’*’. Natural sub- 
strates of hGPR40 include saturated C12-C16 or unsaturated C18-C20 
free fatty acids, which act as full agonists of hGPR40 to mediate glucose- 
stimulated insulin secretion from pancreatic B-cells and glucagon-like 
peptide 1 (GLP-1) secretion from intestinal cells”*. The hGPR40 receptor 
mainly couples with the Gaq G-protein subtype upon agonist stimula- 
tion to mediate downstream signalling by increasing intracellular calcium 
concentration, [Ca”*]; (ref. 9). TAK-875 is a hGPR40 partial agonist* 
which stimulates glucose-dependent insulin secretion, demonstrating 
a unique mode of action for the treatment of type-2 diabetes mellitus’. 

To understand the mechanism of action and the interactions of TAK- 
875 with hGPR40 better, we crystallized the hGPR40-TAK-875 co- 
complex in lipidic cubic phase and determined the structure at 2.3 A 
resolution by X-ray crystallography. Four point mutations (Leu-42”*°Ala, 
Phe-887**Ala, Gly- 103°*? Ala and Tyr-202°°*Phe) were made to increase 
expression levels and thermal stability, and a T4 lysozyme (T4L) fusion 
protein was inserted into the third intracellular loop (ICL3) to support 


hGPR40. The LF, — F, omit map of the ligand was calculated in the absence of 
TAK-875 and is shown as a blue mesh contoured at 3c. To highlight the 
unique binding mode of TAK-875, the receptor portions of the $1P1-ML056 
(3V2Y) and 6-opioid-natrindole (4EJ4) complexes were aligned to 

hGPR40 and their respective ligands are shown as spheres (ML056, magenta; 
natrindole, cyan). 
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crystal growth (Extended Data Fig. la-c). The binding affinity of TAK- 
875 to the receptor is not significantly affected by these mutations or T4L 
insertion with the dissociation constant (Kg) in the approximate range 
12-16 nM (Extended Data Fig. 2). On the basis of a Ca** flux assay, a 
construct with the four point mutations and native ICL3 revealed 
reduced potency by more than 1000-fold compared with the wild-type 
(WT) receptor’®. This suggests that the thermostabilizing mutations do 
not affect the TAK-875 binding pocket but trap the receptor in an 
agonist-bound inactive-like conformation by restraining the conforma- 
tional changes required for G-protein coupling and receptor activation. 
Similar observations have also been reported for other agonist-bound 
G-protein-coupled receptor (GPCR) structures containing thermosta- 
bilizing mutations, such as NTSRI (ref. 11) and Aja (ref. 12). 

The seven-transmembrane helices bundle, typical of GPCR structures, 
remains conserved in the hGPR4O0 structure (Fig. 1a). The hGPR40- 
TAK-875 co-complex structure reveals that TAK-875 uniquely binds to 
a non-canonical site created between transmembrane helices 3-5 and the 
extracellular loop 2 (ECL2) regions (Fig. 1a, b and Extended Data Fig. 3), 
closer to the exterior membrane surface than most other GPCR ligands. 
This site is roughly perpendicular to the canonical orthosteric site observed 
between transmembrane helix 3 and transmembrane helices 5-7 in other 
GPCR structures, such as S1P1 (ref. 13) and 6-opioid"* (Fig. 1b). TAK-875 
has been characterized as an ago-allosteric modulator’, which suggests that 
this unique binding site represents an allosteric binding pocket in the 
receptor. ECL2 serves as the roof of the TAK-875 binding cavity with 
Glu 172° hydrogen bonded to Arg 258’°°. Moreover, Trp 174°“? is 
oriented nearly perpendicularly to the plane of the dihydroisobenzofuran 
ring of TAK-875 where it forms an edge-on interaction (Fig. 2a, b). 

Despite relatively low sequence identity, hGPR40 shows structural 
similarities with peptide-binding GPCRs such as NTSR1, PARI, CKCR4 
and opioid receptors''’>-’”. Notably, they all have a conserved hairpin 
loop motif in the extracellular loop 2 (ECL2 hairpin) and a disulphide 
bond formed between transmembrane helix 3 (Cys 79°*° in hGPR40) 
and at the carboxy (C)-terminal portion of the ECL2 loop (Cys 170°'* 
in hGPR40) (Fig. 2b and Extended Data Fig. 4). In the peptide-binding 
and opioid GPCRs the ECL2 hairpin has a distinctive §-sheet reaching 
between helices 4 and 5, while in hGPR40 it is a shorter B-sheet-like 
region (marked in cyan in Fig. 2b and Extended Data Fig. 4). This B- 
sheet-like region in hGPR40 has low B-factors (Extended Data Fig. 5a—c), 
reflecting the low mobility of this region. This limits the overall flexibility 
of the adjacent portion of ECL2 between Leu 171 and Asp 175, which 
forms a cap over the canonical binding site. In addition, ECL2 is also 
stabilized by an extensive network of interactions with the transmem- 
brane helices and within the loop itself, which further limits the mobility 
of ECL2 (Extended Data Fig. 5a—c). In all of the other peptide/opioid 
receptors, the amino (N)-terminal region of the ECL2 hairpin loop is 
directly connected to transmembrane helix 4, while in hGPR40 there 
are an additional 13 residues (Pro 147 to Gly 159, marked in pink in 
Fig. 2b and Extended Data Fig. 4), which forma separate auxiliary loop 
between the B-sheet-like region and transmembrane 4. The relatively 
low B-factors of the hGPR40 ECL2 (Extended Data Fig. 5a—c) indicate 
low flexibility of this region, with the only exception being the tip of the 
auxiliary loop (Asp 152—Asn 155). The stem of the auxiliary loop Ala 146 
and Pro 147 on one side and Leu 158 on the other is stabilized by the con- 
served transmembrane helix 4 and hairpin loop, respectively (Extended 
Data Fig. 5a—c). Similar to S1P1 receptor and in contrast to the open cavity 
seen in the 6-opioid receptor, the entire hGPR40 ECL2 functions as a 
cap-like structure, which covers the binding pocket from the central 
extracellular region (Figs 1b and 2b and Extended Data Fig. 3). 

The structural features of ECL2 and high lipophilicity of TAK-875 
(which shows approximately 380-fold preference for lipophilic phase over 
aqueous phase) suggest that TAK-875 most probably enters the binding 
pocket of hGPR40 through the lipid bilayer, which is also supported by the 
protrusion of the 1,3-dimethyl-5-(3-(methylsulphonyl)propoxy) benzene 
group between transmembrane helix 3 and transmembrane helix 4 of 
hGPR40 (Fig. 2a, b), but it does not rule out the possibility that TAK-875 
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Figure 2 | Binding interactions of TAK-875. a, Interaction of the carboxylate 
of TAK-875 with the charge cluster as seen in a lateral view. The carboxylate 
moiety is highly coordinated by several key residues. hGPR40 is represented 
as grey ribbon and TAK-875 as sticks coloured by atom type, with carbon in 
green, sulphur in yellow and oxygen in red. The side chains are represented as 
sticks and coloured by atom type, with carbon in grey. Hydrogen bonds are 
represented by yellow dashes. b, An extracellular view of TAK-875 binding, 
showing the B-sheet-like region of ECL2 (coloured in cyan) and the disulphide 
between Cys 79°” and Cys 170°“. These two features are conserved in 
peptide-binding receptors and hGPR40. The auxiliary loop formed between 
Pro 147 and Gly 159 is shown in pink as part of the ECL2. TAK-875 entry is 
positioned between transmembrane 3 and transmembrane 4. 


can enter the binding pocket through lipid bilayer interface from the 
extracellular side between transmembrane helix 3 and transmembrane 
helix 4. 

The entry of hydrophobic substrates to GPCRs through the lipid 
bilayer has been previously proposed for the retinal loading of opsin’® 
and for the entry of AM-841 and sn-2-arachidonylglycerol into the 
cannabinoid 2 receptor’””®. Lipid entry for S1P1 (ref. 13) is suggested 
but from an unrelated trajectory rotated by 120° in the plane of the 
membrane compared with hGPR40 (Extended Data Fig. 3). 

Like the PAR1-vorapaxar co-complex structure (Protein Data Bank 
accession number 3VW7), TAK-875 is located between two transmem- 
brane helices. In the case of PARI, the ethyl carbamate tail of vorapaxar 
is situated between transmembrane helix 6 and transmembrane helix 7, 
while in hGPR40 the linker connecting the dihydrobenzofuran to the 
benzyl ring is accommodated between transmembrane helix 3 and 
transmembrane helix 4. This binding mode of TAK-875 aligns with 
the structure-activity relationship determined in ref. 4, which identified 
that the 4’-position of the terminal biphenyl ring could tolerate a variety 
of modifications of differing length and polarity with minimal effect on 
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potency and is thus well suited to modify other properties of the compound. 
The sulphonate group of TAK-875 serves to reduce lipophilicity and to 
improve absorption, distribution, metabolism, excretion and toxicology 
(ADME-tox) properties and is not required for the agonistic activity*”’. 

The interaction between the carboxylate moiety of agonist ligands 
with Arg 183°? and Arg 258’~°, as observed for TAK-875 (Fig. 2a and 
Extended Data Fig. 6), has precedent in a number of mutational, mod- 
elling and computational studies**”*. In addition to the arginine resi- 
dues, our crystal structure reveals the stabilization of the carboxylate 
moiety by two tyrosine residues, Tyr 91°*” and Tyr 240°°", which have 
not been previously reported (Fig. 2a and Extended Data Fig. 6). Instead, 
the interactions of the tyrosine residues with the carboxylate moiety” 
were predicted to be aromatic/hydrophobic, rather than the direct inter- 
actions observed in the crystal structure. The presence of the multiple 
arginine and tyrosine residues interacting with the carboxylate suggests a 
possible redundancy in the charge network, which is supported by the 
observation that certain carboxylate containing ligands are not affected 
to the same degree upon single mutation of these arginine residues. For 
example, the half-maximum effective concentration values of docosa- 
hexaenoic acid and AM1638 are only modestly affected by mutation of 
Arg 183° or Arg 258”*>. Similarly, phenylalanine mutants of Tyr 91°*” 
or Tyr 240°°" were shown to bind the agonists linoleic acid and GW9508 
with near WT affinity””’. The carboxylate moiety of TAK-875 participates 
in a complex charge network that also involves Glu 172°C?) Ser 187°, 
Asn 241°™ and Asn 244°°° (Fig. 2b and Extended Data Fig. 6). Mutational 
studies based on molecular modelling implied that this charge network 
keeps the receptor in a ligand-free, inactive state, and, upon agonist 
binding, the residues engaged in this charge network are disrupted”. 
Interestingly, in the hGPR40-TAK-875 partial agonist co-complex, the 
charge network (Fig. 2b and Extended Data Fig. 6) coordinates the car- 
boxylate and remains intact. 


Figure 3 | Surface representation of hGPR40 showing multiple putative 
binding sites. Site 1 (orange) is the TAK-875 binding site observed in the 
hGPR40 crystal structure. The alternative proposed binding site, site 2 (yellow), 
would allow ligands to pass between transmembrane 4 and transmembrane 5, 
suggesting entry through the membrane. Site 3 (pink) is positioned between 
transmembrane 1 and transmembrane 7, suggesting extracellular entry. ECL2 
is shown in cyan and the surface for ECL2 was removed for clarity. 
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Site-directed mutagenesis of the key binding-pocket residues Tyr- 
91°°7Ala, Arg-183°°’Ala, Asn-244°°°Ala and Arg-258’*°Ala of the 
WT hGPR40 and thermostabilized hGPR40 receptor had detrimental 
effects on the binding affinity (Ka) of TAK-875, while Tyr-240°°'Ala 
reduced the binding affinity by approximately eightfold (Extended Data 
Figs 7 and 8 and Extended Data Table1). Similarly in Ca”* influx assays, 
the effect of Arg-183°°°Ala, Arg-258”°°Ala, Tyr-91°°7Ala and Asn- 
244°°°Ala single point mutations on WT hGPR4O0 drastically affected 
the TAK-875 potency’. Taken together, the mutagenesis studies con- 
firm the critical role of these residues in TAK-875 binding and verify 
that the interactions observed between TAK-875 and the thermostabi- 
lized hGPR40 reflect the physiological binding mode of TAK-875. 

Prior radioligand binding studies identified multiple ligand-binding 
sites for hGPR40 (ref. 6). Similarly Ca”* flux assay also suggests a syn- 
ergistic effect between TAK-875 (partial agonist) and y-linoleic acid (full- 
agonist) binding and shows positive cooperativity between the two ligands’. 
In addition, point mutations of Arg-183°°’Ala, Arg-258’°°Ala, Tyr- 
91°?7Ala and Asn-244°°°Ala also show differential effects on the poten- 
cies of TAK-875 and y-linoleic acid’. These observations strongly indicate 
that hGPR40 possesses more than one ligand-binding site. 

Visual inspection of the receptor surface suggests two extra binding 
pockets in the receptor in addition to the binding site of TAK-875 (Fig. 3). 
One of the proposed additional binding pockets (site 2) is adjacent to 
TAK-875 and would potentially allow a ligand to pass between trans- 
membrane helix 4 and transmembrane helix 5 (Fig. 3). Transmembrane 
helix 4 in hGPR40 is missing the frequently conserved proline*®, and 
concomitantly near the equivalent position there is a glycine residue, 
Gly 139*°*. This may impart some degree of flexibility to the end of 
transmembrane helix 4, especially in the absence of TAK-875. Site 2 
may also support entry of an additional ligand through the lipid bilayer. 
A potential third binding pocket (Fig. 3, site 3) is located near the tra- 
ditional GPCR orthosteric site between transmembrane helix 1 and trans- 
membrane helix 7. Interestingly, this location is very similar to where the 
positive allosteric modulator LY2119620 binds to the M2 receptor. Site 3 
does not have a clear route through the membrane, which suggests that if 
this potential site is populated, it would bind ligands from the extracellular 
surface akin to earlier receptor structures. From the hGPR40 structure 


Figure 4 | Structure alignment of active and inactive GPCR structures. 
Structures are aligned based on equivalent residues in transmembrane helices 
1-4. a, On the basis of the compendium of activation states of BAR (active 
G-protein-bound 3SN6 in yellow cartoon with yellow spheres for the bound Gs, 
active-like nanobody bound 3POG in red, and inactive antagonist bound 2RH1 
in blue), hGPR40 (grey) transmembrane 5 and transmembrane 6 adopt an 
orientation most like the inactive (antagonist bound) state. b, A comparison 
with structurally similar peptide-binding receptors, NTSR1 (active-like 4GRV 
in green) and PARI (inactive 3VW7 in magenta), suggests receptor subclasses 
may have a significant impact on transmembrane 5 and transmembrane 6 
orientation regardless of activation state. 
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and available biochemical data, it is unclear whether all the three ligand- 
binding sites can be occupied at the same time or if they bind separately, 
each binding event further amplifying the agonist signal. Additionally, it is 
also intriguing if the receptor has multiple distinct fatty-acid binding sites. 
Current biochemical data and hGPR40 structure provide the ground- 
work for further studies to clarify the binding modes of fatty acids of 
varying chain lengths and other agonists. 

GPCRs function in a dynamic equilibrium between multiple confor- 
mational states including inactive (R, R’), active (R’’, R*) and signalling 
(R*G) states**”°. A comparison of the structure of the transmembrane 
helical region of hGPR40 with other agonist-''?”’* and antagonist-' 
bound GPCRs (Fig. 4) supports the notion that the hGPR40 receptor 
is in an agonist-bound R’ inactive-like state**’®. Unlike other active state 
agonist-bound GPCRs, transmembrane helix 6 in the hGPR40 structure 
does not reposition away from the helical bundle core. However, such as 
in the recently determined structure of PARI, the C-terminal portion 
of transmembrane helix 7 adopts a conformation more consistent with 
the agonist bound B-2 adrenergic active structures'”””° (Fig. 4). Inter- 
estingly, this position of the C-terminal region of transmembrane helix 7 is 
observed in some of the other peptide-binding GPCRs. Future investi- 
gations may reveal if this feature reflects the active state of GPCRs or is a 
characteristic of peptide/lipid binding receptors. 

TAK-875, an ago-allosteric modulator of hGPR4O, represents a class 
of partial agonists that target receptor-mediated insulin secretion in a 
glucose-dependent manner. The structural information of the drug- 
receptor complex highlights the unique features of the TAK-875 binding 
pocket, including the charge network responsible for binding the car- 
boxylate of the partial agonist. The structure also potentially provides 
insight into lipid entry of the ligand, and structural conservation between 
peptide- and lipid-binding receptors. Additionally, our structure presents 
a model of how multiple ligands could bind to the receptor to amplify the 
agonist signal. 


METHODS SUMMARY 


hGPR40 receptor with the mutations Leu-427“° Ala, Phe-88°**Ala, Gly- 103° Ala 
and Tyr-202°°*Phe, and the ICL3 replaced with T4L, was expressed in Spodoptera 
frugiperda (Sf9) insect cells. The receptor was extracted in dodecyl-B-p-maltoside 
and purified by two-step affinity chromatography in a neopentyl glycol detergent 
for crystallization in lipidic cubic phase (Extended Data Fig. la-c). X-ray diffraction 
data were collected at beamline 5.0.3 of the Advanced Light Source at the Berkeley 
Center for Structural Biology, Lawrence Berkeley National Laboratory and at beam- 
line 23-ID-D of the Advanced Photon Source at GM/CA, Argonne National Labo- 
ratory. The structure was solved by molecular replacement, and refinement statistics 
and the Ramachandran plot outliers as calculated by MolProbity are presented in 
Extended Data Table 2. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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CORRECTIONS & AMENDMENTS 


CORRIGENDUM 

doi:10.1038/nature13610 

Corrigendum: Proviral silencing in embryonic stem cells requires the 
histone methyltransferase ESET 


Toshiyuki Matsui, Danny Leung, Hiroki Miyashita, Irina A. Maksakova, Hitoshi Miyachi, Hiroshi Kimura, Makoto Tachibana, 
Matthew C. Lorincz & Yoichi Shinkai 


Nature 464, 927-931 (2010); doi:10.1038/nature08858 


In Fig. 1a of this Letter, it has come to our attention that the lanes for the Dnmt3l*’* and Dnmt3l-/~ testes RNA samples were run on different 
gels (northern blots) but were not displayed as such. The Dnmt3l-’~ sample was originally intended as a positive control for derepression of 
different retroelements analysed in this paper, such as LINE-1 and IAP. However, owing to space limitations, these samples were only men- 
tioned in the legend to Fig. 1a. Regardless, according to Nature’s publication guidelines, these lanes should have been displayed separately. In 
addition, we have now inserted a black line between lanes 4 and 5 (counting from the right-hand side) of Fig. 2a and lanes 1 and 2 (counting 
from the right-hand side) of Supplementary Fig. 3a because although they were run on the same gel, they were not adjacent in the original gel. 
The Supplementary Information of this Corrigendum shows the corrected Supplementary Fig. 3a and the raw data used to prepare Figs 1a and 


2a and Supplementary Fig. 3a. These corrections do not change our interpretation of the results or the conclusions drawn in this Letter. Never- 
theless, we apologize for any confusion the original display may have caused. 


Supplementary Information is available in the online version of this Corrigendum. 
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Figure 1 | This figure shows the corrected Figs 1a and 2a of the original Letter. 
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ILLUSTRATION BY THE PROJECT TWINS. 


HOW TO TAME THE 
FLOOD OF LITERATURE 


Recommendation services claim to help researchers keep up with 
the most important papers without becoming overwhelmed. 


BY ELIZABETH GIBNEY 


asey Bergman's daily research routine 
( used to include checking all his e-mails 

and web alerts to pick out fresh papers 
in his field. But he grew dissatisfied with table- 
of-contents alerts from journals, RSS (Rich Site 
Summary) feeds and automated e-mails from 
the PubMed database. The flow of content was 
manageable, but ifhe left it for more than a day, 
“it became a burden’, he says. 


So last year Bergman, a computational 
geneticist studying fruit flies (Drosophila) at 
the University of Manchester, UK, turned toa 
fresh approach: an automated Twitter account 
(or ‘twitterbot’) that he named FlyPapers. The 
bot trawls PubMed and the arXiv preprint 
server to find papers containing the word 
Drosophila, and spits them out into its fol- 
lowers’ feeds. Bergman finds it much easier 
to catch up with FlyPapers popping up in 
his Twitter feed — and his idea has spawned 


around 55 twitterbots in other disciplines. 
Itis no surprise that academics are coming up 
with their own ways to keep on top of the flood 
ofliterature. “It's a common struggle,’ says Berg- 
man. A staggering 6,000 papers are published 
every day — and although no one wants to be 
overloaded with recommendations, missing key 
papers is “mortifying”, says Sally Burn, a devel- 
opmental geneticist at Columbia University in 
New York City. She uses a service called Scizzle, 
which regularly sends her the results of saved 
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RECOMMENDATION ENGINES 


A guide to reading 


Google Scholar (scholar.google.com) 
Sends alerts about recommended papers on 
the basis of a user’s publication history. 


ReadCube (readcube.com) 

Mendeley (mendeley.com) 

Reference managers with recommendation 
engines (Readcube is backed by Digital 
Science, a sister firm to Nature Publishing 
Group). 


PubChase (pubchase.com) 
Recommends papers based on the libraries 
of users with similar interests. 


Sparrho (sparrho.com) 
Asks the user to train its recommendations 
engine by approving or rejecting suggestions. 


PubMed searches. “Unless you have all day, and 
ten people working for you trawling the litera- 
ture, I think it’s the best situation you're going 
to get,’ she says. 

Buta stream of papers based on keywords 
only scratches the surface of what is techno- 
logically possible. Emerging literature-recom- 
mendation engines promise not only to filter 
the flood of papers to a trickle, but also to learn 
from their users’ interests to add personalized 
suggestions (see ‘A guide to reading’). “In 
spirit, it’s similar to what Netflix or Amazon 
do,” says Matthew Davis, a computational 
biologist at the University of Texas at Austin 
who wrote the algorithm for one such service, 
PubChase — now owned by ZappyLab, a firm 
in Berkeley, California, that makes web- and 
phone-based tools for scientists. 


IF YOU LIKE THAT, YOU'LL LIKE THIS 
One of the first, and still best-known, services 
comes from Google Scholar. Its Updates tool 
suggests articles by applying a statistical model 
to a record of a researcher’s authored papers 
and citations. “The recommendations are 
almost scarily good,” says Roger Schonfeld, 
programme director at Ithaka S+R, a non- 
profit consultancy based in New York City 
that advises academia on digital technology. 
But graduate students may not have a sufficient 
body of work for the site to help, notes Patrick 
Mineault, a computational neuroscientist at 
the University of California, Los Angeles. 
PubChase suggests articles from PubMed 
on the basis of a user’s publishing record, 
but it also learns from the articles that the 
user has read and stored in his or her online 
library. And it adds another machine-learning 
technique: comparing this library with other 
people’ collections, with the logic that people 
with common research interests might benefit 


Faculty of 1000 Prime (f1000.com/prime) 
Sends alerts about biomedical articles, 
using the ratings of 5,000 senior scientists. 


Twitter (twitter.com) 

Automated twitterbots can track keywords 
(see go.nature.com/bppzew for instructions), 
or users can follow colleagues, as they can on 
other social networks such as ResearchGate. 


Nowomics (nowomics.com) 
Users ‘follow’ biological keywords such as 
specific genes, proteins or processes. 


Scizzle (myscizzle.com) 

Automates the process of making multiple 
PubMed searches with keywords and filters, 
and allows users to bookmark relevant papers. 


from each others’ preferences. “I’ve been really 
impressed: nearly every article it has recom- 
mended has been relevant to my research,’ says 
Kelsey Wood, a geneticist at the University of 
California, Davis, who uses the service along 
with reference-manager tool Mendeley, owned 
by Amsterdam-based publisher Elsevier. 

Ross Mounce, an evolutionary biologist at the 
University of Bath, UK, says that PubChase is 
not useful for those whose interests fall outside 
the boundaries of PubMed. He prefers Sparrho, 
a fledgling London-based venture that gener- 
ates recommendations with a keyword-based 
feed, and asks users to train the tool by flag- 
ging suggestions as relevant or irrelevant. It 


<> MORE ONLINE 


Q&A 


Software 
carpentry: 
the boot 
camp for 
scientific 
software. 
go.nature.com/ 
eijvxi 


SHUTTERSTOCK/ISAK55 


ARTICLE COLLECTIONS 


@ Culture of code: are scientists’ 
practices up to the task? 

@ Online collaboration: what makes a 
winning formula? 

@ Open data: how to share research 
online. 


For more on scientific software, apps and 
online tools, visit ature.com/toaliox 
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includes articles, grants, patents, posters and 
conference proceedings from all the sciences. 
“The breadth is a real strength,” says Mounce. 
As with PubChase, recommendations are based 
on connections between similar users. “We're 
allowing intelligent curators, humans, to join 
the scattered dots,” says chief executive Vivian 
Chan, who co-founded Sparrho after she strug- 
gled to keep up with the literature while study- 
ing for a biochemistry PhD at the University of 
Cambridge, UK. 

As start-ups seeking investment, PubChase 
and Sparrho are guarded about how many users 
they have. It is clear that numbers are small. (A 
Nature survey of more than 3,000 scientists 
found that only 8% had heard of PubChase, and 
fewer than 1% visited it regularly; see Nature 
512, 126-129 (2014).) But both say that their 
user base is growing quickly. 


BACK TO BASICS 

Bergman is wary of algorithm-based searches. 
A machine that learns and tailors recommenda- 
tions can become like “blinders on your intel- 
lectual scope’, he says. And he has found that 
the interdisciplinary nature of his work, which 
melds genomics and text-mining, confused 
Google Scholar — the tool threw up irrelevant 
papers and missed important ones. But Davis 
says that this narrowing is counteracted by the 
new doors opened by recommendations based 
on the profiles of people with similar interests. 

Many researchers eschew algorithms alto- 
gether, and simply follow colleagues on social 
networks to find out what is worth reading. 
“Twitter is the unsung hero of the paper- 
recommendation world,’ says Cassie Ettinger, 
a geneticist in the same research group as 
Wood. Other scientists check which papers 
rise to the top in online communities or among 
users of reference-management services such 
as Faculty of 1000 Prime and Mendeley. 

But the desire to share recommendations or 
upload libraries to find new papers is hardly 
universal. Derek Lowe, a chemist at Vertex 
Pharmaceuticals in Boston, Massachusetts, who 
writes the blog In the Pipeline, remains a fan 
of RSS feeds from journal websites. And Burn 
says that she does not have the time to train a 
recommendation engine. Mineault acknowl- 
edges that automated learning devices will 
never find all the papers a scientist wants, but 
he thinks that they will improve. Techniques 
for gleaning meaning from content will become 
more sophisticated, he says, and will eventually 
havea significant role in guiding scientists’ read- 
ing choices. 

For Bergman, a lot of this is a matter of 
taste. His twitterbot has convened an online 
fruit-fly community; its suggestions have been 
retweeted by researchers in other disciplines, 
and even by non-scientists. Bergman has not 
ruled out trying further technologies, but he is 
sticking to FlyPapers for now. “I haven't felt the 
need to try any others. It’s working for me, and 
that’s all that matters,” he says. m SEE EDITORIAL P.6 
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CAREERS 


TURNING POINT Brown-fat work wins 
kudos for obesity researcher p.133 
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INTERVIEWS 


The all-important job talk 


How people present their research and aspirations during interviews for academic 
positions can make or break their career. 


BY AMANDA MASCARELLI 


hen Spencer Smith was being 
interviewed for a faculty post in 
neuroscience four years ago, he 


told his audience a story about the British 
race-car driver Stirling Moss. 

In 1955, while Moss was training for the 
Mille Miglia, a famous thousand-mile endur- 
ance race in Italy, he realized that when he 
was intensely focused on driving, he could 
not hear the instructions given by his navi- 
gator, Denis Jenkinson. Jenkinson therefore 


used hand signals to guide Moss, and the pair 
won the race, setting a record time that still 
stands today. 

Smith had used the story about Moss 
to illustrate his research interests on how 
various parts of the brain work together 
to support behaviour. Thanks at least in 
part to that lively story, he landed the posi- 
tion, at the University of North Carolina in 
Chapel Hill — and his presentation is still 
well remembered. “You remember his sci- 
ence because you remember that story,’ says 
Kathleen Caron, who chairs the department 


of cell biology and physiology. 

At many universities and institutes world- 
wide, candidates for jobs in academia go 
through a two-day interview process that 
includes a formal, public, 45-minute talk — 
informally known as the ‘job talk — followed 
by a question-and-answer session. It usually 
takes place in an auditorium or lecture thea- 
tre that seats 50 to several hundred people, 
and the audience typically includes not only 
members of the hiring committee, but also 
graduate students, postdocs and faculty 
members from the hiring department and > 
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> often other departments too. The talk may 
be just one piece ofa candidate's application, 
but it carries enormous weight. Those who 
have succeeded — and who have watched 
candidates give talks that shine or that fall 
flat — say that there are ways to avoid com- 
mon mistakes and to leave a positive lasting 
impression (see “Tips for success’) 

Talks at conferences, seminars and depart- 
mental meetings generally aim to convey 
research findings and foster questions, but a 
job talk must do more. It must give a sense of 
amicability, convey enthusiasm, illustrate the 
research vision and show why the candidate 
would be an excellent fit in the department. 

A poorly rendered talk can mean no job, 
says Stefano Stifani, a neuroscientist at the 
Montreal Neurological Institute and Hospi- 
tal in Quebec, Canada. “It puts the thoughts 
in people’s minds: “Will this person really be 
a good teacher? And does this person really 
get the big picture?’ Whether that is the case 
for a candidate is a key factor in predicting 
whether the person will write good grants.” 

Caron agrees. “It’s the most important 
45 minutes of your career,’ she says. “You sink 
or swim on that job talk.” Candidates will be 
judged on “the whole package” they bring, she 
explains. “You're showing how youre going 
to make a scientific argument. What are you 
going to do in the future? Do you have the 
skill set to convince people that you should be 
funded? And do you do that in a charismatic, 
engaging, intellectually stimulating and fun 
way that makes you a nice colleague?” 


PEOPLE PERSUASION 

A central mission of the talk is to demonstrate 
compatibility with potential colleagues. James 
White, a palaeoclimatologist at the University 
of Colorado, Boulder, says that he does not 


DO: 

@ Practise, practise, practise. Find people, 
whether through your home department 

or through social media, who would be 
interested in hearing your practice talks and 
offering feedback. 

@ Attend plenty of job talks and 
departmental seminars and pay attention to 
what works well and what does not. 

@ Watch and study talks sponsored by 

the non-profit organization TED (short for 
technology, entertainment and design). They 
are up to 18 minutes long and have become 
widely recognized as powerful platforms for 
issues of universal appeal. 

@ Look at the website helpmeviz.com for 
in-depth feedback on data visualization. 

@ Use a smartphone, iPad or video camera 


understand why department members do 
not flock to these talks. “I always like to have 
some knowledge of the person who I'm going 
to be sitting with for the next 30 years,’ he 
says. “Is there any rapport? Is this somebody 
I can get along with? Is this somebody who's 
going to bea pain?” 

Stories such as Smith’s that resonate with 
the audience and reveal an engaging person- 
ality can be very effective in winning over 
a hiring committee. 


“Too often in pro- “One ofthe 
fessional talks, were mostcommon 
afraid to let who mistakes that 
we really are show peoplemake 
through,’ says Alan is that they 
Townsend, who in fail to engage 
July became deanof the broad 


the Nicholas School 
of the Environment 
at Duke University in North Carolina. “Some 
people are naturally very funny, so be funny. 
But if you're not, it doesn’t mean that you 
can’t still connect in really powerful and 
meaningful ways on a very human level.” 

During his job talk, Townsend shared with 
his audience that he had been a finalist for 
the position seven years before. This time 
around, he joked, he was going to “shake 
things up and try something new”. 

He told a humorous story about two class- 
mates who had competed for class president 
when he was in school. The student who won 
the election had sung a few lines of a tune by 
the classic US rock band Cheap Trick, I Want 
You to Want Me. Townsend gave his own ren- 
dition, and in doing so, earned laughs and 
applause — along with the job. 

The right level of detail is also key. “One 
of the most common mistakes that people 
make is that they fail to engage the broad 


audience.” 


TIPS FOR SUCCESS 
How to avoid common pitfalls 


to record yourself practising and save 

the files. Once you find a version you are 
satisfied with, listen to it over and over again. 
@ Explain clearly what your research 
questions are, why you are doing the work 
and why it is important. Tell the audience 
what you are going to tell them, then tell 
them, then recap what you told them. 

@ Rehearse several ways to end your talk, 
in case time is running out and you have to 
wrap things up quickly. 

@ Familiarize yourself with the room and 
with audio-visual and other equipment in 
advance. 

@ Use multimedia and special effects 
judiciously. 

@ Play to your strengths and be yourself. 
Do not force humour. If you use it, keep it 
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audience,’ says Stifani. “Present your data 
in a way that is accessible, even to non- 
specialists.” The audience for a typical job 
talk at Stifani’s institute might include fac- 
ulty members from sub-disciplines such as 
neurodevelopment, neuroimaging or neuro- 
degeneration. But it might also include a 
cancer biologist or an immunologist from 
another institute. “Everybody has to be able 
to extract what the key significance was,” he 
says. “If that doesn’t come out, I think the 
candidate is toast.” 

But there is a tricky balancing act to be 
achieved — candidates also need to capture 
the sophistication needed to satisfy special- 
ists. If a talk is accessible to non-specialists, 
experts in the field might complain that it 
was too shallow, and vice versa, says White. “I 
have seen some talks that were scientifically 
brilliant,” he says, but some hiring-commit- 
tee members wondered whether the candi- 
date would be able to give an equally effective 
talk to non-experts. To address this common 
dilemma, White's department now often asks 
candidates to also give a ‘teaching talk; ina 
smaller, more informal setting, to allow the 
hiring committee to assess the candidate’s 
teaching and outreach skills. 

Candidates should find out in advance 
what the hiring department is expecting by 
talking to the chair of the search committee, 
the department chair and sometimes to other 
faculty members. 

Early in the job talk, candidates should 
state their key research questions and why 
those matter. “I like to see them choose 
important problems, and I like to see them 
articulate that up front,” says White. The 
heart of the talk — the science — is “the thing 
that’s hardest to fake”, says Jonathan Payne, 
a palaeontologist at Stanford University in 


light. Clear, concise, authoritative talks are 
compelling in their own right. 

@ Demonstrate that you know what other 
people in the department are doing, and 
how your research would fit in. That shows 
you have done your homework, and it gives 
hiring committees a clear idea of where 
collaborations might develop. 


DO NOT: 

@ Do a ‘data dump’. Resist the urge to show 
a lot of data — you lose audience members 
by overwhelming them with minutiae. 

@ Exceed your time allowance. By doing so, 
you signal that you are underprepared, did 
not take the presentation seriously or are 
arrogant. Try to end early so that there is 
sufficient time for questions. A.M. 


KATHLEEN JAY/UCSF 


California. “You need to be working ona 
good problem and you need to have some 
interesting results,” he says. 

Candidates should also give a clear road 
map of where they are headed with their 
research, says Eileen Furlong, head of the 
Genome Biology Unit at the European 
Molecular Biology Laboratory in Hei- 
delberg, Germany. She recommends that 
job candidates reserve the last 20-25% of 
their talk for discussing research plans 
and showing why she or he is the best 
person to address those questions. 

A sign of success, says Furlong, is when 
audience members “leave the room think- 
ing, ‘That’s really interesting and exciting, 
and I want to talk to that person.” 


DEPARTMENT DISCUSSION 

The talk should also convey how well the 
candidate would fit into the department, 
says Amanda Clark, a neuropsychologist 
at the University of Tennessee in Chat- 
tanooga who interviewed for her faculty 
position in 2012. 

By looking at the university's website 
and promotional materials as well as other 
faculty members’ programmes, Clark knew 
that the university valued people who 
would offer undergraduates some research 
experience. She therefore wove in details 
about how undergraduates and graduate 
students had participated in her research. 
She also knew that the department was 
looking for someone with expertise in bio- 
logical psychology and neuroscience but 
did not have an animal lab or an imaging 
facility. So in discussing her research on 
brain trauma and neurodegeneration, she 
highlighted her use of human subjects in 
her studies. 

Candidates also need to prepare for the 
unexpected, such as technical glitches, 
a pushy audience member during the 
question-and-answer session and evena 
power outage. 

Caron was halfway through her talk for 
tenure — another key time where talks 
can make or breaka candidate — and was 
about to tell the audience about her most 
exciting and crucial piece of data. Sud- 
denly, the electricity went out. Worse yet, 
the talk was in a room with no windows, 
so the crowd of 75-100 people was left in 
darkness. “It was absolutely pitch black,” 
says Caron. She had no choice but to wrap 
up her talk quickly. 

“Then the most incredible thing hap- 
pened,” she says. “People asked questions. 
I was so touched by that. We all sat in the 
dark room and talked about science, 
which was really wonderful” 

Even better, Caron got tenure. 


Amanda Mascarelli is a freelance 
journalist in Denver, Colorado. 


TURNING POINT 


CAREERS 


Shingo Kajimura 


Diabetes researcher Shingo Kajimura studies 
how fat cells can be manipulated to control 
obesity. In March, he was feted for winning one 
of the US Presidential Early Career Awards 
for Scientists and Engineers (PECASE). He 
explains how favourable timing has helped 
him to advance his career. 


Did you always plan to become a researcher? 

No. Growing up in the suburbs of Tokyo, I went 
fishing every day and loved to see living things. I 
was planning to try to work with animals — asa 
national park ranger at a zoo or an aquarium, for 
instance. No one in my family had ever attended 
university or earned a degree, so I had not even 
known that the job of scientist existed until I 
started there. But I had good mentors at the 
University of Tokyo, who guided me towards 
science. I was surprised by how much I loved it. 


What led you from Japan to the United States? 

I won fellowships that allowed me to spend my 
entire graduate time in the United States, and 
spent two years in Hawaii and three years in 
Michigan studying fish physiology and devel- 
opmental biology. I thought about going back 
to Japan after that, but I felt like I could be more 
intellectually independent in the United States, 
and that was important to me. Then a Pathway 
to Independence award from the US National 
Institutes of Health (NIH) gave me the confi- 
dence to become a principal investigator here. 


What led you to study brown fat? 

I received a fellowship at Harvard Medical 
School in Boston, Massachusetts, to examine 
how mitochondria help living things to adapt 
to different environments and whether that 
process could be manipulated. When brown 
fat was discovered in adults, it opened up new 
opportunities for research into obesity and 
related diseases such as insulin-resistant diabe- 
tes. I decided to focus on brown fat in mammals 
because it is one of the most mitochondria-rich 
cell types in the body, which means it has a 
big role in regulating the body’s adaptation to 
different environments. 


How did the discovery of brown fat in adults 
affect your own career? 

When I started the postdoc in 2006, the brown- 
fat research field was pretty inactive because 
nobody knew adults had brown fat. When 
that was discovered in 2009, it led to additional 
funding for brown-fat research. I was trying 
to see whether we could convert white fat cells 
into brown fat genetically or chemically. In 
2009, I had a paper published in Nature about 


the body’s ability to convert some cell types to 
brown-fat cells (S. Kajimura et al. Nature 460, 
1154-1158; 2009), a process now known as 
direct reprogramming, as well as papers pub- 
lished in other journals. The following year, I 
received the NIH grant and landed a post as an 
assistant professor at the University of Califor- 
nia, San Francisco. 


What does the PECASE award mean for you? 
The money helps, and the award has also con- 
nected me with many talented young scientists 
in different fields for potential collaborations. 


What are your biggest challenges right now? 
Even ifI earn tenure, I still have to get grants, 
and that is tough. And Ihave gone from being a 
player in the lab to a coach. Nobody gets train- 
ing in how to manage lab staff, and everyone 
does it in their own way. For graduate students 
with less experience in bench work, I start them 
with relatively easy experiments; for postdocs, I 
encourage them to help on projects close to the 
finish line so that they can co-author a paper. 
It helps them get used to the new environment 
and to work as a team member. 


What is the best advice you have ever 
received? 

One of my mentors always said that if the 
science goes well, everything else will follow. So 
I try to spend as much energy as I can on the 
science and not worry about other things. It is 
not always easy, but I remind myself that it is 
really about the science. 


What is the secret to your scientific success? 
Internal passion. I am not a genius but I genu- 
inely love science, so I don't feel like this is my 
job really. m 


INTERVIEW BY SCOTT KRAFT 
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Ua SCIENCE FICTION 


INVESTMENTS 


BY SIMON KEWIN 


vangelina Carter, chief executive of 
Be Planet Holdings, stared at her 

visitor from Head Office. She must 
have misheard his words. “I'm sorry. For a 
moment I thought you said you wanted to 
wipe out civilization” 

Mr Allen peered over his half-moon 
glasses. You had to give it to them. They had 
their human mannerisms down to a T. “No 
of course not. Not wipe out. We merely wish 
to... subdue humanity. Knock it back to a 
less technological era. Our projections sug- 
gest five centuries should do the trick” 

Evangelina didn’t speak for a moment. 
They could do it, too. She studied the ancient 
alien sitting opposite her. In his finely 
tailored suit and old-school tie he looked 
every inch the genial investment banker. 
Allen smiled, awaiting her reply. Beyond 
him, through floor-to-ceiling windows, 
London stretched away into a hazy distance. 

With an effort she maintained her 
professional manner. There was a place for 
panic and terror but the boardroom wasntit. 
“But, why? Is there a problem with output?” 

“Heavens, no. We are most satisfied with 
your stewardship, Ms Carter. Profits from 
operations on Earth continue to soar. The 
creativity of this planet remains as phenom- 
enal as ever. But we've made projections and 
the results are clear. Another century or two 
and things will be different. We have to pro- 
tect our investments.” 

She dreaded asking. Their forecasts were 
always accurate. “May I know what you 
foresee? Environmental collapse? Wars? 
Pandemic?” 

“Quite the contrary. Humanity will thrive. 
Scientific advance will continue apace, 
ushering in a new golden age of abundance.” 

“Then I dont see the problem” 

Allen looked troubled. It was all for show. 
His face, like the rest of him, synthesized. So 
far as she could tell, her masters were amor- 
phous blobs of jelly. But amorphous blobs 
of jelly with vast technological resources at 
their fingertips. If that was the right word. 

“Ms Carter,” he said, picking his way 
through his words, “has anyone ever 
explained why we chose your planet?” 

“Tassumed you monitored us for millions 
of years.” 

His face twisted into new heights of trou- 
bled. “Quite so,’ he said. “But the truth is we 
didn’t simply monitor? 

“You didn’t?” 


Creative thought. 


“No, we also ... shepherded. Guided. 
Intervened? 

“Which is against galactic statute” 

“Yes. But our projections, you see. They 
were quite clear. Given the right conditions 
your remarkable species would produce — 
well, all the glories it has produced. I don’t 
need to list them. Music, litera- 
ture, film. The Galaxy can’t 
get enough of it and we, 
as rights owners, make 
a fortune? 

“So what did you 
do?” 

“Ms Carter, I’m 
telling you this 
because we trust 
you, yes?” 

That was some- 
thing. “Go on,” she 
said. 

It was his turn to 
stare through the win- 
dow. More play-acting. 
“Ms Carter, I hope you wont 
be angry when I inform you that 
every other sentient species in the Galaxy is, 
to all intents and purposes, well, immortal? 

“Immortal.” 

“Quite so. We don't die. I myself have 
been alive for nearly 600,000 years. And 
I'm considered rather a young gun. A bit of 
a hot-head.” 

“Immortal,” she said again, as if the word 
was unfamiliar. “What does that have to do 
with us?” 

Allen switched to deeply sad now. “Well, 
you see, here’s the thing. Immortality is lovely, 
of course, but it can be so ... enervating.” 

“Can it? How awful” 

“Yes. Oh, we set out to achieve great 
things. Works of art and feats of literature. 
Musical masterpieces. But knowing you 
can set it aside for a thousand years — well, 
frankly, it’s hard to motivate oneself” 

“T can see that.” 

“But humanity, now. You blaze briefly but 
gloriously across the face of the Universe. 
Knowing you have only a few years focuses 
your minds wonderfully. You yearn for the 
eternal without really knowing why.’ 

“Are you saying you did this to us?” 

Allen took off his glasses and polished 

them on his silk hand- 
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structures decay when they really shouldn't. 
A few decades of life and ... pooof! You're 
gone. I really am sorry,’ 
She was beginning to see where this was 
going. “And your projections?” 
“Well, it’s this damned science, you 
see. Another century or two and youll 
be unravelling all our work. 
Humanity will defeat death, 
and creativity will plum- 
met. It'll wreak havoc 
with our profits, Ms 
Carter. Havoc!” 
“So you plan to 
return us to some- 
where around 


— what — the 
Renaissance?” 
“Ah, the 


Baroque, said 
Allen. “Such musi- 
cal glories.” 

She considered. “But 
you'll still need intermedi- 

aries. You'll need me?” 

“Quite so. Our trusted agent. 
Someone who understands local custom. 
We shall, of course, ensure that you're spared 
the horror as it engulfs Earth. Your title will 
have to change, too. You could become an 
Empress, say. Would that suit?” 

What they'd done was monstrous. An evil 
so vast she couldn't even think ofa name for 
it. She couldn't let them get away with it. 

Except ... she loved being in charge of 
Blue Planet. And Empress Evangelina had 
a ring to it. “These genetic changes. They're 
reversible?” 

Allen regarded her over his spectacles. 
“Undoing them would be terribly difficult” 

“But possible?” 

“Theoretically. But counterproductive” 

“I don’t mean everyone. I mean me? 

“You?” 

She smiled. “It'll be our little secret. I can 
undergo the treatment while you’re busy 
knocking humanity into the dark ages, yes?” 

He hesitated for a moment, but she had 
him. For all their godlike technology they 
were useless at cutting deals. 

After a moment he nodded and held outa 
synthesized hand. “Very well, Ms Carter. Let 
us shake. Our little secret.” m 


Simon Kewin writes fantasy, SE mainstream 
and some stories that can’t make their minds 
up. His fantasy novel Hedge Witch has just 
been published. Find him at simonkewin.co.uk. 
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